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Abstract 
 
Fungi are able to perceive and respond to changes in their environment through the activation of 
signal transduction pathways.  Protein kinase C is a serine/threonine kinase found in all eukaryotes 
that is implicated in the regulation of signalling pathways.  Here I report the identification of a 
protein kinase C-encoding gene, PKC1, which I have shown is cytoplasmically localised and 
expressed during conidial germination and appressorium formation in the rice blast fungus 
Magnaporthe oryzae.  Targeted gene deletion of PKC1 was attempted unsuccessfully, therefore 
analysis of Pkc1 was carried out by RNAi-mediated gene silencing and selective kinase inhibition.  
A hairpin dsRNA–expressing construct was designed to target PKC1 and was introduced into 
Magnaporthe oryzae under the control of an inducible promoter.  Silencing was variable but 
resulted in a loss of viability and when coupled with failure to obtain a gene replacement, suggests 
that Pkc1 is essential for viability.  PKC1 gene silencing resulted in a severe hyphal growth defect 
and reduction in conidiogenesis.  The phenotype was rescued by targeted gene deletion of the dicer-
like gene, MDL2, the result is therefore consistent with gene silencing.  A chemical genetics 
approach to selective kinase inhibition was also attempted.  A previously characterised, non-
essential kinase with a readily scorable phenoype, ATG1, was initially targeted to provide proof of 
concept in M. oryzae.  Mutation of an amino acid residue in the ATP-binding site of the kinase 
resulted in increased susceptibility to chemically modified inhibitors.  However, PKC1 does not 
tolerate the necessary modification to the ATP-binding site.  Finally, analysis of the cell integrity 
pathway suggests PKC1 acts on this pathway but constitutive activation of the pathway only 
partially restored viability to the PKC1-gene silenced mutant and it is therefore likely to have other 
additional cellular targets. 
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1 General Introduction 
1.1 The Rice Blast Fungus Magnaporthe oryzae 
 
The annual loss of at least 10% of the World's food crop production to plant diseases serves to 
highlight the importance of scientific research in this area (Strange & Scott, 2005, Vurro et al., 
2010).  Not only do such losses contribute to the food deficit, with a recent estimate that over 800 
million people are not adequately fed (Strange & Scott, 2005), but they also emphasise the potential 
impact of possible future acts of agricultural bio-terrorism (Hennessy, 2008).  Nowhere is this issue 
more important than in developing countries, which are currently experiencing rapid population 
expansion, accompanied by high levels of poverty.  In such countries, the majority of items in the 
staple diet are locally sourced and any loss of food crop has potentially devastating consequences.  
Rice is often a key component in the diet of the inhabitants of these countries, and in total, more 
than one third of the World's population rely on it for their major calorific intake (Goff, 1999).   
 
The most devastating and economically important disease that affects rice crops is a leaf spot 
disease, caused by the heterothallic ascomycete fungus Magnaporthe oryzae (Hebert) Barr 
[anamorph: Pyricularia oryzae Sacc.] (Barr, 1977).  Annually, M. oryzae is responsible for losses of 
up to 30% of the worldwide rice harvest and as an example, over 1000 tonnes of the rice crop of 
Bhutan, covering an agricultural area of over 700 hectares, was lost to rice blast disease alone in 
1995 (Thinlay et al., 2000).  M. oryzae also affects other crops of agricultural importance including 
wheat (Triticum aestivum) (Silva et al., 2009).  The lack of availability of efficient fungicides and 
disease-resistant wheat species to combat M. oryzae infection, has led to serious outbreaks of wheat 
blast in Brazil (Igarashi, 1990, Urashima & Kato, 1994) where it continues to be one of the major 
crop diseases.  Other crops infected by Magnaporthe oryzae include Triticale (X. triticosecale) and 
barley (Hordeum vulgare) (Urashima et al., 2004).  More than 50 species of grass have also fallen 
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victim to M. oryzae infection, including finger millet (Eleusine coracana), a food security crop 
cultivated in India and South and East Africa (Lenne et al., 2007).  Fungicidal management of M. 
oryzae infection has met with limited success and the development of genetically modified, blast 
resistant rice varieties is generally thwarted by the high genetic variability of the fungus in the field, 
rapidly leading to the formation of new pathotypes (Latterell & Rossi, 1986). 
 
Aside from its clear economic importance, M. oryzae along with other phytopathogens such as the 
fungus responsible for corn smut disease, Ustilago maydis, has become an important model 
organism for the study and understanding of fungal plant diseases.  Such research is made possible 
by the high genetic tractability of M. oryzae and the fact that it can be readily cultured away from 
host plants (for reviews, see: Talbot, 1995; 2003). 
 
The availability and versatility of modern molecular genetic techniques has allowed scientists to 
begin to carry out thorough functional analysis of fungal pathogens and many of the genes essential 
for causing plant diseases have been identified since the first DNA-mediated transformations of the 
fungal tomato pathogen Fulvia fulva (Oliver et al., 1987) and Magnaporthe oryzae (Parsons et al., 
1987).  However, despite the advances in key techniques such as targeted gene mutation and 
random mutagenesis and their application to fungal systems, the molecular genetic basis of fungal 
pathogenicity is still far from being fully understood. 
 
Many fungal genomes, including those from pathogenic fungi have been released (Galagan et al., 
2005) and these open the door to future studies into the mechanisms of host-pathogen interactions at 
a molecular level.  Such studies offer the possibility of being able to gain an understanding of the 
evolution of fungal virulence and to identify the gene subsets responsible for pathogenicity in fungi 
(Soanes et al., 2002, Veneault-Fourrey & Talbot, 2005).  The speed of genome analysis offered by 
high throughput techniques also ensures that entire genome sequences can be determined for model 
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phytopathogens, produced using rapid construct-building techniques and along with the available 
transformation systems and phenotype assays, modern data management systems can facilitate 
detailed studies of the mechanisms of fungal pathogenicity (Weld et al., 2006, Nagarajan & Pop, 
2010).  
 
1.1.1 Life cycle of M. oryzae 
 
The initiation of rice blast disease involves the transfer of three-celled spores or conidia, formed 
under humid conditions from the characteristic, large ellipsoid lesions on the surface of diseased 
rice leaves (Ou, 1985) (Figure 1.1).  Transfer of the asexual disease spores to new host plants 
occurs via wind dispersal and/or dew drops (Talbot, 1995, Balhadere & Talbot, 2000), with 
subsequent adhesion to the waxy, hydrophobic leaf cuticle (Uchiyama & Okuyama, 1990) using an 
adhesive mucilage, released from the apex of the spore (Hamer et al., 1988). 
 
In the presence of water, germination occurs within two hours, during which, a polarised germ tube 
is produced from the apical cells of the conidium (Bourett & Howard, 1990).  After growing to a 
length of 15-30 µm, the germ tube tip swells and its growth changes direction.  At this stage and 
within four hours, "hooking" occurs, in which the tube becomes flattened against the leaf surface, a 
process which is believed to be the point at which the plant leaf surface is perceived by the 
developing spore as a prelude to appressorium formation (Bourett & Howard, 1990).  Formation of 
the dome-shaped appressorium begins with a swelling of the germ tube tip which requires the 
presence of a hydrophobic surface (which can be soluble cutin or lipid monomers (Gilbert et al., 
1996)) and the absence of exogenous nutrients (Dean, 1997).  Mitotic division produces two 
daughter nuclei, one of which returns to the conidium, the other migrating into the growing 
appressorium and cell division is completed by formation of a septum.  Production of a combination 
of an inner melanin layer and outer chitin layer causes a thickening of the highly differentiated cell 
wall of the appressorium (Bourett & Howard, 1990), the melanin layer ultimately preventing efflux 
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of solutes.  At the point of contact between the appressorium and the leaf cuticle, the outer fibrous 
layer of the chitin cell wall is missing and it is at this point that a penetration peg is produced as a 
narrow hyphal strand, which breaches the cuticle, to enter the epidermis of the leaf.  Degradation of 
lipids and glycogen within the appressorium results in a high internal concentration of glycerol 
(3.22 M), leading to water influx, which ultimately generates an extreme turgor pressure (ca 8 MPa) 
(Howard et al., 1991, de Jong et al., 1997, Thines et al., 2000).  Penetration of the leaf cuticle by 
the penetration peg is believed to result from continued mechanical force as observed by analysis 
using optical waveguides in Colletotrichum graminicola (Bechinger et al., 1999) and support for 
this mode of entry into the cuticle comes from gene disruption experiments.  Magnaporthe oryzae is 
also capable of penetrating inert plastic membranes and the non-melanised appressoria of mutant 
strains of the fungus, deficient in melanin synthesis, do not accumulate glycerol and hence do not 
develop the necessary high turgor pressure (Chumley & Valent, 1990, Howard et al., 1991, de Jong 
et al., 1997).  Widening of the penetration peg occurs within the first cell encountered after 
penetration of the leaf cuticle.  This leads to the formation of bulbous, branched hyphae, which 
extend throughout adjacent tissue (Bourett & Howard, 1990) and the rapidity of this process is such 
that within 72 hours of initial infection, fungal material accounts for up to 10% of the total leaf 
biomass (Talbot et al., 1993). 
 
The characteristic ellipsoid necrotic lesions caused by the disease appear on the leaf surface 
approximately 96 hours after infection and as these spread throughout the tissue, they begin to 
coalesce, the resulting level of plant infection ultimately leading to plant death (Talbot, 1995).  
Chlorosis occurs in localised areas of the diseased leaves and although Magnaporthe oryzae is 
known to produce a variety of phytotoxic compounds in culture medium, the only compound 
present at toxic levels in diseased tissue is tenuazonic acid (Lebrun et al., 1990, Valent & Chumley, 
1991).  At this stage in the development of the infection, further conidia are released from the 
necrotic lesions, restarting the life cycle with transfer to a new plant host. 
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Figure 1.1 The life cycle of Magnaporthe oryzae 
 
After landing on the hydrophobic rice leaf surface, the three-celled conidia produce a polarised 
germ tube from their apical cells.  The dome shaped infection structure, the appressorium, forms 
with a swelling of the germ tube tip and the cell wall thickens by the production of an inner melanin 
layer and an outer chitin layer.  A penetration peg then develops as a narrow hyphal strand and the 
extreme turgor pressure created by the melanin layer preventing efflux of solutes and the influx of 
water causes this peg to penetrate the leaf cuticle by continued mechanical force.  Bulbous, 
branched hyphae are then formed, which extend throughout the plant tissue.  96 h after initial 
infection, necrotic lesions, characteristic of the disease appear on the leaf surface.  Conidia are 
released and the cycle begins again.  (Diagram taken from Wilson & Talbot, 2009). 
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1.1.2 Cell signalling and Fungal pathogenicity in M. oryzae  
1.1.2.1 Cyclic AMP signalling 
 
A number of signal transduction pathways are thought to be involved in the recognition of the host 
surface and subsequent host infection.  It is thought that the early stages of infection-related 
development of M. oryzae involve the triggering of a cyclic AMP (cAMP) response pathway.  
Mutants lacking the adenylate cyclase-encoding gene MAC1 do not produce appressoria and are not 
pathogenic (Choi & Dean, 1997), although formation of appressoria and pathogenicity are both 
restored on the addition of exogenous cAMP, pointing towards the likely role of Mac1 in cAMP 
production (Adachi & Hamer, 1998, Choi & Dean, 1997).  Additionally, two proteins have been 
identified which are thought to have a role in recognition of the host surface during appressorium 
formation in M. oryzae.  One of these is a class I hydrophobin, Mpg1 (Talbot et al., 1996, Kershaw 
& Talbot, 1998) and disruption of its corresponding gene, MPG1 reduces disease symptoms at the 
stage of appressorium formation.  Hydrophobins are proteins which, when secreted, form a 
hydrophobic layer at the cell periphery, which provides a means for attachment of the fungus to the 
leaf surface (Wessels, 1994).  However, the addition of cAMP induces Δmpg1 mutants to form 
appressoria and restores pathogenicity (Talbot et al., 1993), leading to the suggestion that 
attachment of the germ tube to the leaf surface is required for triggering of the signalling cascades 
responsible for appressorium morphogenesis regulation. 
 
The localisation of a green fluorescent protein fusion of a transmembrane protein Pth11 to the 
vacuole and cell membrane has revealed Pth11 as a second protein thought to be involved in surface 
recognition (De Zwaan et al., 1999).  Appressorium development is impaired in M. oryzae mutants 
containing defects in the Pth11-encoding gene and the observation that this defect could be 
suppressed by the addition of exogenous cAMP and diacylglycerol (DAG), strongly suggested a 
connection with downstream signalling events (De Zwaan et al., 1999).  Further studies have 
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revealed that Pth11 is a member of a novel class of filamentous ascomycete-specific G-protein 
coupled receptor proteins, possessing seven transmembrane regions and an amino-terminal domain 
which is extracellular and cysteine-rich (Kulkarni et al., 2005).   
 
The requirement for M. oryzae to respond to a large number of differing environmental and 
physical cues is reflected by the fact that its genome encodes sixty-one uncharacterised membrane 
proteins, all thought to be G-protein-coupled receptor-like receptors (Dean et al., 2005).  G-protein-
coupled receptors are heterotrimeric, comprising of three sub-units, α, β and γ, which interact with a 
transmembrane receptor at the cell membrane (Malbon, 2005) and it is believed that upon detection 
of surface cues, they transduce information to the cAMP response and other signalling pathways 
(Bolker, 1998).  On binding to GTP, the Gα subunits dissociate from the βγ subunit and are then 
free to interact with effector proteins in the cytoplasm and in M. oryzae, three groups of a subunits, 
MagA, MagB and MagC have been identified and characterised (Liu & Dean, 1997).  Of these three 
proteins, targeted deletion of the gene encoding MagB, an inhibitory group I protein (Gαi), is found 
to have the greatest effect on M. oryzae, with mutants exhibiting significantly reduced vegetative 
growth, conidiation and appressorium formation (Liu & Dean, 1997).  Evidence that this protein is 
involved in appressorium development upstream of the cAMP signal is provided in that ΔmagB 
mutants return to wild-type frequencies of appressorium development on addition of exogenous 
cAMP (Deising et al., 2000, Lengeler et al., 2000).  Mutants lacking the MagC-encoding gene show 
reduced conidiation but normal vegetative growth and infection-related development and deletion 
of magA appears to have no effect on vegetative growth, conidiation or appressorium formation.  In 
the absence of the Gα subunit, it is thought that the isolated Gβγ subunit prevents appressorium 
formation by constitutive repression of adenylate cyclase (Talbot, 2003).  G-protein cascades are 
negatively regulated by regulators of G-protein signalling (RGS) proteins, which function as 
GTPase activating proteins (GAPs) (Siderovski & Willard, 2005).  The guanine nucleotide state of 
Gα determines the duration of G-protein signalling (Dohlman & Thorner, 2001)
Chapter 1 
________________________________________________________________________________ 
 
22 
activated GTP-bound Gα subunits and increases the rate of hydrolysis of GTP to GDP thus enabling 
the reassociation of Gα with Gβγ and attenuating the signalling activity.  An rgs1 deletion mutant in 
M. oryzae was able to form appressoria on both hydrophobic and the normally non-inductive 
hydrophilic surfaces thus implicating Rgs1 as an important negative regulator of appressorium 
development (Liu et al., 2007a).  However, the rgs1 deletion mutant was unable to form appressoria 
on a soft surface, even in the presence of exogenous cAMP, indicating that a thigmotrophic cue is 
necessary for initiating appressorium formation. 
 
Protein kinase A (PKA) is a cAMP-dependent tetrameric holoenzyme, present in eukaryotic cells, 
which is involved in cAMP signalling.  The holoenzyme tetramer is inactive but on binding of 
cAMP to two regulatory subunits the two remaining catalytic subunits are released to allow 
phosphorylation of downstream target proteins (Kronstad, 1997).  It was found that appressorium 
formation could be restored to a Δmac1 mutant of M. oryzae by selection of a bypass suppressor 
mutant, with a single conserved codon mutation in the first cAMP binding domain of the PKA 
regulatory subunit.  This, in turn, led to identification of the regulatory subunit of PKA (Adachi & 
Hamer, 1998).  Pathogenicity was not restored in the Δmac1-sum1-99 mutant, although it did show 
accelerated conidial germination, germ tube extension and appressorium development, which 
suggests divergent pathways for pathogenesis and growth in M. oryzae.  Non-pathogenic mutants 
showing delayed formation of non-functional appressoria were produced by targeted deletion of the 
gene encoding the catalytic subunit of PKA (Mitchell & Dean, 1995, Xu & Hamer, 1996) although 
appressorium formation could be stimulated by the addition of cAMP, suggesting the presence of 
further PKA-type enzymes, a view supported by the discovery of a second possible PKA subunit in 
the M. oryzae genome (Dean et al., 2005). 
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1.1.2.2 MAP Kinase Signalling 
 
Mitogen-activated protein kinases (MAPKs), also play a central role in signalling pathways (Xu, 
2000).  MAPK cascades are highly conserved in eukaryotes and have been identified and 
characterised in a diverse range of organisms, ranging from yeast to mammals (Herskowitz, 1995, 
Waskiewicz & Cooper, 1995).  The MAPK signalling cascade is initialised through the 
phosphorylation of a MAPKK kinase, which in turn activates a MAPK kinase, culminating in the 
activation of a MAP kinase by dual phosphorylation on a conserved Thr-Xxx-Tyr motif (Raman & 
Cobb, 2003).  To date, three distinct MAPK signal transduction pathways have been identified in 
M. oryzae (Rispail et al., 2009) (Figure 1.2).  Appressorium morphogenesis is regulated by the 
PMK1 MAP kinase signalling cascade in which PMK1 (Pathogenicity MAP Kinase 1) is activated 
by the MAPKK MST7 which in turn is activated by the MAPKKK MST11 (Zhao et al., 2005).  
PMK1 was the first MAPK-encoding gene identified in M. oryzae (Xu & Hamer, 1996).  A 
functional homologue of S. cerevisiae FUS3/KSS1, two partially redundant MAPKs of the 
pheromone-dependent signalling pathway, PMK1 acts via the MST12 transcription factor (Park & 
Xu, 2002).  Δpmk1 mutants produce normal mycelia and conidia and are therefore not essential for 
vegetative growth, however, they do not produce appressoria and are non-pathogenic, failing to 
grow invasively even when inoculated through wound sites (Xu & Hamer, 1996).  Addition of 
cAMP initiates appressorium formation but it is insufficient to complete the process suggesting that 
Pmk1 operates downstream of a cAMP pathway.  Δmst7 and Δmst11 mutants are also non-
pathogenic and fail to form appressoria, in contrast to mst12 null mutants which produce normal 
and melanized appressoria but are unable to form penetration pegs (Park & Xu, 2002).  Genes 
regulated by PMK1 have been identified but few of them have been functionally characterized 
(Ding et al., 2009).  From this it may be inferred that Pmk1 may activate multiple downstream 
transcription factors.   
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Scaffold, adaptor and anchoring proteins play crucial roles in regulation of MAP kinase pathways.  
These proteins interact with components of the pathway, assembling them into a complex and may 
recruit them to specific locations in the cell.  In M. oryzae an adaptor protein, Mst50 was found to 
interact with both Mst11 and Mst7 and to play a critical role in regulation of the PMK1 MAPK 
cascade (Park et al., 2006).  Mst50 has a sterile α-motif (SAM) and a Ras association domain 
(RAD) and physically interacts with Ras1 and Ras2, two Ras proteins in M. oryzae. Ras2 appears to 
play critical roles in the activation of both the cAMP-signaling and Pmk1 MAPK pathways.  
 
A second MAPK-encoding gene MPS1, also appears to play an important role in infection-related 
development (Xu et al., 1998).  MPS1 (MAP kinase for penetration and sporulation) is homologous 
to S. cerevisiae SLT2 which is part of the cell integrity pathway and will be described in more detail 
in Chapter 5, but briefly the MAPK cascade is composed of the MAPKKK, Bck1, two redundant 
MAPKK, Mkk1 and Mkk2 and the MAPK, Slt2.  The MAPKKs and MAPK in this pathway are 
bound by a scaffold protein Spa2 (van Drogen & Peter, 2002).  The third MAPK characterised in 
M. oryzae OSM1, (Osmoregulatory MAP kinase) regulates the cellular response to hyperosmotic 
stress (Dixon et al., 1999) and is a functional homologue of S. cerevisiae HOG1.  OSM1 was 
dispensable for glycerol accumulation and Δosm1 mutants produced functional appressoria and 
were fully pathogenic except under conditions of chronic hyperosmotic stress.   
 
MAP kinase pathways are well conserved in pathogenic fungi and homologues of the PMK1 
MAPK in particular, have been characterised in several fungi including the corn smut fungus 
Ustilago maydis (Mueller et al., 2003), grey mould fungus Botrytis cinerea (Zheng et al., 2000), the 
corn leaf pathogen Cochliobolus heterostrophus (Lev et al., 1999) and the grass pathogen Claviceps 
purpurea (Mey et al., 2002b).  However, given the diverse cellular events regulated by MAP kinase 
pathways and the ability to generate specific cellular outcomes, this would imply much greater 
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complexity than their apparently simple architecture suggests.  M. oryzae PMK1 is able to 
functionally complement S. cerevisiae fus3 kss1 mutants (Xu & Hamer, 1996) but in M. oryzae 
PMK1 is required for infection-related development and thus clearly has additional or alternative 
downstream targets from its yeast homologue. 
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Figure 1.2  MAPK signalling pathways in the rice blast fungus Magnaporthe oryzae 
 
Three MAP kinase pathways are known to be involved in the regulation of appressorium development, penetration peg 
formation, invasive growth and turgor generation.  PMK1, OSM1 and MPS1 are the functional homologues of the 
FUS3/KSS, HOG1 and MPS1 S. cerevisiae MAPK-encoding genes, respectively.  Infection-related development of M. 
oryzae only requires the PMK1 and MPS1 pathways.  The Mst50 scaffold protein tethers the Pmk1 MAPK module to 
produce a phospho-relay, leading to movement of the phosphorylated Pmk1 MAPK to the nucleus, where transcription 
factors such as Mst12 are activated.  Ras proteins, Cdc42 and the Gβ-subunit protein Mgb1 are involved in activation of 
the Pmk1 pathway.  Cross-talk with the cAMP pathway may occur through the G-subunit protein MagB.  The G 
proteins MagA  and Mag B, which possibly interact with the Pth11 G protein-coupled receptor, appear to regulate the 
cAMP response pathway.  The accumulation of cAMP is caused by adenylate cyclase Mac1 and this binds to the 
regulatory protein kinase A subunit Sum 1, resulting in detachment of the catalytic subunit CpkA.  Accumulation of the 
compatible solute arabitol, required for generation of turgor pressure, is controlled by Osm1 but it does not regulate 
glycerol accumulation.  Mps1 is required for formation of the penetration peg and colonisation of the rice plant tissue.  
Mps1 activates transcription factors including Mig1, necessary for invasive growth and suppression of plant defence.  
Activation of the MPS1 pathway may occur through protein kinase C (MGG_08689) or the calcium channel proteins 
(Cch1, MGG_05643 or Mid1, MGG_12128).  MGG_08463 and MGG_09869, the Swi4 and Swi6 homologues, may be 
involved in the cell wall integrity response via the Mps1 kinase pathway.  Proteins annotated with gene numbers are 
homologues of those in S. cerevisiae, although their functions in M. oryzae are not characterised.  A protein annotated 
with a question mark has no homologue in M. oryzae.  (Adapted from Lengeler et al., 2000; Xu et al., 1998; Xu & 
Hamer, 1996; Park et al., 2006; Rispail et al., 2009 and Wilson & Talbot, 2009.  Provided courtesy of Romain Huguet). 
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1.1.3 Protein kinase C (PKC) 
 
Signalling cascades involve a series of phosphorylation and dephosphorylation reactions which are 
catalysed by kinases and phosphatases, respectively.  Protein kinase C is a serine/threonine kinase 
found in all eukaryotes and is an enzyme believed to be involved in the activation and regulation of 
a number of signal transduction pathways.  It was identified in 1977 and named after its allosteric 
activator, calcium (Takai et al., 1977, Inoue et al., 1977).  By the mid-1980s it was realised that far 
from being a single entity, PKC had several isotypes (Coussens et al., 1986).  Studies with PKC 
inhibitors and activators began to reveal the multi-functional character of PKC.  Examples of 
inhibitors employed include, isoquinolinesulfonamide H7 (Hidaka et al., 1984), staurosporine, an 
ATP-competitive kinase inhibitor (Tamaoki et al., 1986), and tamoxifen, a 
therapeutic/chemopreventative agent for tumors (Horgan et al., 1986).  Phorbol 12-myristate 13-
acetate (PMA) binds to and activates PKC causing diverse effects including tumor promotion and 
apoptosis (Castagna et al., 1982, Smith et al., 1988, Macfarlane & Odonnell, 1993) and bryostatin 
1, a macrolactone isolated from the marine bryozoan Bulgula neritina, acts via the effector-binding 
C1 domain and leads to activation of PKC in the short-term but lowered PKC activation following 
prolonged exposure (Kraft et al., 1986).  In addition to pharmacological approaches, which often 
target more than one PKC isoform, and in the case of staurosporine, more than one kinase, studies 
have also been carried out with mouse-gene knock-outs.  Such studies revealed the diversity of 
PKC functions, with the kinase implicated in memory, cell proliferation and survival, autophagy 
and arterial thrombosis (Weeber et al., 2000, Martin et al., 2002, Chen et al., 2008, Gilio et al., 
2010).  Gene silencing with antisense oligonucleotides, which results in down-regulation of PKC 
expression, has also been successfully employed in PKC studies (Hochegger et al., 1999, Korchak 
& Kilpatrick, 2001, Banan et al., 2002).  
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1.1.4 Structure and regulation of PKC 
 
PKC is now known to belong to a family of serine/threonine kinases and at least ten isoforms have 
been identified in mammalian systems (Steinberg, 2008).  Based on primary structure and 
biochemical properties, the isoforms have been sub-divided into three classes; classical or 
conventional, novel or new and atypical as shown in Figure 1.3.  All PKC isoforms share a common 
structure with a regulatory domain, containing binding sites for PKC activators, a catalytic domain, 
which is responsible for both substrate binding and the kinase activity, and a pseudosubstrate 
domain that maintains the kinase in an inactive conformation (Pears, 1995).  Interaction with 
specific allosteric activators is accompanied by a conformational change causing removal of the 
pseudosubstrate and thereby exposing the kinase domain.  The serine/threonine protein kinase 
domain is conserved and belongs to the AGC kinase superfamily (Newton, 2003).  The kinase 
domain has very similar catalytic properties in all PKC isoforms but the N-terminal regulatory 
domain contains multiple characteristic functional and activation domains (Nishizuka, 2003). 
 
The regulatory domains of cPKCs (α, βI, βII and γ) and nPKCs (δ, η, ε and θ) all share a highly 
conserved C1 domain, which contains two cysteine-rich repeats responsible for tightly binding two 
zinc ions and a prerequisite for DAG and phorbol ester binding to PKC (Ono et al., 1989).  
Classical and novel PKCs also share a C2 domain but in nPKCs the C2 domain precedes the C1 
domain.  The C2 domain is the binding site for phospholipid but here novel PKCs differ from the 
classical PKCs; whereas cPKC-C2 phospholipid binding-domains are Ca2+-dependent (Becker & 
Hannun, 2005), calcium is not required for activation of nPKCs by DAG or phorbol esters (Ohno & 
Nishizuka, 2002), illustrated by the lack of acidic aspartic residues necessary for calcium-binding.  
In contrast to cPKCs and nPKCs, atypical PKCs (ι, ζ, PKN1 and PKN2) contain a single C1 domain 
and lack the C2 domain.  The C2 domain is replaced with a PB1 (phox-Bem1) domain which is the 
site of protein-protein interactions (Sumimoto et al., 2007).  The atypical C1 domain binds PIP3 or 
Chapter 1 
________________________________________________________________________________ 
 
29 
ceramide and aPKCs do not require DAG for their activation (Colon-Gonzalez & Kazanietz, 2006).  
The autoinhibitory pseudosubstrate domain 'mimics' a PKC substrate but an alanine residue 
substitutes for the serine/threonine phosphoacceptor amino acid (Steinberg, 2008).  Point mutations 
have been introduced into the pseudosubstrate region to enable the study of specific PKC isoforms 
through their constitutive activation.   
 
PKC kinases are regulated by co-ordinated mechanisms; phosphorylation, membrane targeting and 
second-messenger binding (Parekh et al., 2000, Newton, 2003, Cho, 2001).  The kinase domain of 
both cPKCs and nPKCs contains three conserved motifs, which are the sites of priming 
phosphorylations that lock the enzyme in a stabilised, catalytically-competent conformation 
(Newton & Johnson, 1998).  The process is initiated by an upstream kinase, 3-phosphoinositide-
dependent protein kinase-1 (PDK1) (Balendran et al., 2000) and the first phosphorylation occurs at 
a threonine residue in the activation loop.  Introduction of a negative charge leads to alignment of 
residues in the catalytic pocket thus stabilising the active conformation.  Two additional 
phosphorylations follow, at a proline-flanked turn motif and at a phosphorylation site bracketed by 
hydrophobic residues, which maintain the kinase in a conformation that facilitates ATP-and 
substrate binding.  Most PKCs require diacylglycerol (DAG), a metabolite of membrane 
phospholipids, for activation.  Membrane-bound DAG is generated from the hydrolysis of 
phosphatidylinositol 4,5-bisphosphate (PIP2), a reaction catalysed by phospholipase C (PLC) in 
response to receptor-mediated activation.  In cPKCs, generation of DAG is accompanied by 
activation of inositol triphospate (IP3), which mobilises intracellular calcium thus increasing the 
affinity of PKC for phosphatidylserine (Steinberg, 2008), the nPKCs, which lack the calcium-
binding sites, have a higher affinity for DAG (Nishizuka, 1986). 
 
 
 
Chapter 1 
________________________________________________________________________________ 
 
30 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3  Domain structure of protein kinase C (PKC) isforms 
 
PKC isoforms are classified as classical (cPKC), novel (nPKC) or atypical (aPKC) according to 
their structure, which varies mainly in the regulatory domain.  All isoforms contain the C1 domain 
but whereas cPKCs and nPKCs carry tandem repeats responsible for DAG-binding, the aPKCs have 
a single C1 domain which does not bind DAG.  cPKCs and nPKCs also have a C2 domain which 
binds calcium in cPKCs but not in nPKCs but aPKCs lack this domain and instead have a PB1 
(phox-Bem1) domain which is the site of protein-protein interactions.  All PKC regulatory domains 
carry a pseudosubstrate motif (PS) immediately next to the C1 domain, which maintains the kinase 
in an inactive conformation.  The ATP-binding site and the kinase domain (C3 and C4) are 
conserved in all isoforms.  (Adapted from Steinberg, 2008).   
cPKC: α, βI, βII, γ 
nPKC: δ, θ, ε, η 
aPKC: ζ, ι/λ 
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1.1.5 Location and activation of individual PKC isozymes 
 
Phorbol esters can activate PKC directly (Castagna et al., 1982) and interestingly, subsequently 
down-regulate it (Rodriguez-Pena & Rozengurt, 1984).  Phorbol ester activation leads to 
translocation of PKC (Kraft et al., 1982) and it was subsequently demonstrated that individual 
isozymes are targeted to specific cellular sites upon activation (Mochly-Rosen et al., 1990).  In 
1997, tagging with the green fluorescent protein, GFP, allowed visualisation of the translocation of 
PKC for the first time (Sakai et al., 1997a, Sakai et al., 1997b).   
 
Stimulation of cell surface receptors leads to translocation of PKC isoforms to specific cellular 
targets (Sakai et al., 1997b).  The co-existence of a number of PKC isozymes with similar structure 
and potentially the same activator within the same cell raises the question of how the individual 
isozymes are spatially and temporally regulated.  The availability of protein-binding partners and 
the concentration of second-messengers in response to certain stimuli are both likely to be involved 
in regulation of PKC activity.  Individual PKC isozymes have been shown to be localised to distinct 
subcellular sites before and after activation (Dorn & Mochly-Rosen, 2002, Kazi & Soh, 2007).  
PKC was originally thought to reside in the cytoplasm in an inactive conformation and to 
translocate to the plasma membrane or membrane-bound cytoplasmic organelles upon activation.  It 
was assumed that activated PKC isozymes were all associated with plasma membranes because 
diacylglycerol (DAG) is necessary for the activation of most PKCs and DAG is derived from 
membrane phospholipids.  However, it is now known that PKC isozymes are also translocated to 
the nucleus (Martelli et al., 2006) and Kazi, 2007, found PKCα localised mainly in the cytoplasm 
whereas PKCε was localised mainly in the Golgi apparatus.  Recent discoveries have revealed that 
protein-protein interactions play a critical role in directing the translocation of PKC towards 
selective subcellular compartments.  Receptors for activated C-kinase (RACKs) are intracellular 
scaffold proteins known to be an important determining factor for substrate specificity of an 
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isozyme (Amadio et al., 2006).  RACKs that have been identified include PKCβ and PKCε (Csukai 
et al., 1997, Schechtman & Mochly-Rosen, 2001).  The existence of receptors for inactive kinases 
(RICKs) has also been hypothesised (Dorn & Mochly-Rosen, 2002).  Work is continuing into 
determination of the mechanisms for differential localisation and activation/translocation of PKC 
isozymes and recent studies have shown that translocation is not the only means by which PKC 
isozymes achieve specificity.  Interactions with anchoring proteins such as caveolin, and with 
cytoskeletal proteins are also important for localisation.  Phosphorylation of both serine/threonine 
residues and tyrosine residues are important in activation and regulation (Steinberg, 2008). 
 
The discovery of RACKs (and other protein-protein interactions and PKC-lipid interactions) that 
could bestow functional specificity for individual PKC isozymes, and the subsequent identification 
of the interaction sites between the proteins, led to the development of PKC isoenzyme-selective 
regulator peptides (Budas et al., 2007).  Both selective competitive inhibitors (Chen et al., 2001, 
Braun & Mochly-Rosen, 2003) and allosteric agonists (Xiao et al., 2003, Brandman et al., 2007) 
have been identified and developed as pharmacological and research tools. 
 
PKC has been extensively studied in mammals due, in part, to its association with a number of 
diseases, ranging from cancer (Oka & Kikkawa, 2005) and diabetes (Lee et al., 1989) to 
Alzheimer's disease (Masliah et al., 1990).  Pharmacological studies with PKC inhibitors and 
activators together with  molecular strategies such as overexpression of individual isozymes or 
targeted deletion have been used extensively to confirm specific roles for individual PKC isozymes.  
However, although PKC has been implicated in the regulation of a diverse range of cellular 
functions including cell proliferation (Oka & Kikkawa, 2005), cell differentiation (Denning, 2004) 
and apoptosis (Martelli et al., 2004) relatively little is known regarding the identification of cellular 
substrates. 
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1.1.6 PKC signalling in fungi 
 
Fungal PKCs are not well characterised, due in part to a failure to generate gene replacement 
mutants (Oeser, 1998, Franchi et al., 2005, Herrmann et al., 2006).  Investigations have tended to 
focus on the putative role of PKC in regulating the cell integrity pathway, which has been 
extensively studied in the budding yeast S. cerevisiae (reviewed in: Levin, 2005).  In contrast to 
mammalian systems, a single PKC has been identified in the S. cerevisiae genome and this appears 
to be typical of fungal PKCs, with the exception of the fission yeast, Schizosaccharomyces pombe, 
which has two copies of the PKC encoding gene (Toda et al., 1993).  The kinase contains all the 
core domains found in mammalian PKCs – the C1, C2, pseudosubstrate and the actual kinase 
domains, but has an extended regulatory domain compared to mammalian PKCs (Jacoby et al., 
1997) as shown in Figure 1.4.  While yeast Pkc contains the conserved C1 DAG-binding domain, 
neither DAG nor phorbol esters are required for activation of the enzyme (Antonsson et al., 1994), 
however, mutagenesis of putative DAG-binding sites resulted in deleterious effects (Jacoby et al., 
1997).  S. cerevisiae and Sch. pombe PKCs lack a putative Ca2+-binding domain, which places them 
in the nPKC group and this also appears to be typical of fungal PKCs.  The extended regulatory 
domain contains two HR1 (homologous region) domains, which include an additional binding 
region for the GTPase Rho1 (one is also found in the C1 domain), which is known to activate PKC1 
in S. cerevisiae (Kamada et al., 1996, Schmitz et al., 2002).  The fungal PKCs reported also contain 
a Q/A/P-rich region, which appears to be exclusive to fungal PKCs (Courey & Tjian, 1988). 
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Figure 1.4  Domain structure of fungal protein kinase C (PKC) 
 
Fungal PKCs contain all the domains conserved in mammalian isoforms, including two cysteine-
rich repeats (C1A and C1B) necessary for DAG and phorbol ester binding and a C2 domain 
required for phospholipid binding.  Fungal PKCs are defined by an extended regulatory domain, 
which contains two HR1 (homologous region) domains.  They also have a longer hinge region than 
the mammalian PKCs. 
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Fungi are able to adapt and survive in hostile environments, which necessitates the ability to 
perceive and respond to a variety of environmental cues such as osmotic stress, nutrient limitations 
or heat shock.  As previously mentioned, these responses are facilitated by signalling pathways.  
One such pathway is the PKC regulated cell integrity signal transduction pathway which has been 
described in many fungi.  In S. cerevisiae, the cell integrity pathway is initiated by cell wall–
associated stress sensors, Mid2 and Wsc1 (Verna et al., 1997, Philip & Levin, 2001).  These bind to 
guanine nucleotide exchange factors (GEFs) including Rom2, Rom1 and Tus1, which in turn 
activate the small GTPase Rho1.  Rho1 phosphorylates and activates the glucan synthesis encoding 
gene, FKS1, and PKC1, which inititates activation of the Mps1 MAPK cascade (described earlier) 
culminating in the phosphorylation and activation of transcription factors such as Rlm1 (Dodou & 
Treisman, 1997) and SBF (Swi4/Swi6) (Primig et al., 1992), involved in cell wall biosynthesis and 
cell cycle regulation, respectively. 
 
Although PKC function in filamentous fungi may be inferred from studies with the model genetic 
system, S. cerevisiae, this model cannot be readily translated to the study of pathogenic 
development, a characteristic not found in budding yeast.  PKC orthologues have been identified in 
several pathogenic fungi including Cryptococcus neoformans (Heung et al., 2004), Colletotrichum 
trifolii (Dickman et al., 2003), Candida albicans (Paravicini et al., 1996) Cochliobolus 
heterostrophus (Oeser, 1998), Aspergillus niger and Trichoderma reesei (Morawetz et al., 1996) 
and Aspergillus nidulans (Ichinomiya et al., 2007).   
 
A conditional mutant strain was generated for phenotypic analysis of PKC in A. nidulans.  The 
endogenous PKCA promoter was replaced with the the alcohol dehydrogenase (alcA) promoter, 
which is repressed in the presence of glucose but activated by carbon sources such as glycerol or 
ethanol (Gwynne et al., 1987).  In addition to cell wall defects and hyper-sensitivity to cell wall-
destabilising agents, the mutant also revealed reduced conidial germination and hyphal growth, and 
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vacuoles were enlarged (Ronen et al., 2007).  Previous studies using an antisense RNA silencing 
strategy showed A. nidulans PKC is involved in a signal transduction pathway involved in β-lactam 
biosynthesis through regulation of the transcription factor AnBH1 (Herrmann et al., 2006).  A novel 
function of PKC has been described in C. neoformans, a fungal pathogen that causes pulmonary 
infections.  In C. neoformans, PKC has been implicated in the regulation of laccase activity and 
melanin biosynthesis, factors which enable establishment of disease (Heung et al., 2005).  In 
contrast to S. cerevisiae, DAG has been demonstrated to activate PKC in C. neoformans (Heung et 
al., 2004) and deletion of the DAG C1 binding domain revealed that PKC is also required for 
correct localisation of laccase in the cell wall.  C. neoformans pkc1 deletion mutants are 
conditionally lethal and viable only in the presence of an osmotic stabiliser and display typical 
growth defects but in contrast to S. cerevisiae, where PKC is dispensable for the response to 
nitrosative stresses (Vilella et al., 2005), PKC in C. neoformans is essential for the response to both 
oxidative and nitrosative stresses (Gerik et al., 2008).  In N. crassa, PKC has been reported to 
modulate light responses by regulating the blue light photoreceptor WC-1 (Arpaia et al., 1999, 
Franchi et al., 2005). 
 
While some cellular responses may be attributed directly to PKC, there is evidence that PKC is also 
linked to other pathways through cross-talk mechanisms.  For example, it has been speculated that 
PKC may play a role in calcium signalling pathways.  In mammalian systems, functional 
interactions between protein kinase A and PKC signalling cascades have, for instance, been 
discovered.  PKC and PKA pathways may inversely regulate the prototypical mammalian MAPK 
cascade, the Ras/Raf/MAPK/extracellular signal-regulated kinase-1 (ERK) pathway, and appear to 
have other common targets (Maioli et al., 2006).  There may well also be interplay between PKC 
signalling and the cAMP-dependent PKA pathway in M. oryzae.  In M. oryzae, this pathway has 
been implicated in the regulation of appressorium formation (Lee & Dean, 1993).  The CPKA gene 
encodes the catalytic subunit of PKA and MAC1 encodes adenylate cyclase, which is requied for 
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synthesis of cAMP (Adachi & Hamer, 1998).  Δcpka mutants form small, misshapen infection cells 
and are reduced in their ability to penetrate plant cells, while Δmac1 mutants show pleiotropic 
effects with reduction in vegetative growth, conidiation, conidial germination and an inability to 
form appressoria.  Bypass suppressor mutations in the SUM1 gene that encodes the regulatory 
subunit of PKA, revealed a specific mutation which resulted in cAMP-independent PKA activity 
and restoration of appressorium formation.  This suggests the presence of two different cAMP-
dependent pathways regulating either cell morphogenesis or pathogenesis (Adachi & Hamer, 1998) 
and PKC may well cross-talk to this coalescing pathway. 
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1.2 Introduction to the current study 
 
Protein kinase C (PKC) has been associated with a number of cellular responses, including control 
of the cell integrity pathway in yeast (Heinisch et al., 1999), regulation of the actin cytoskeleton 
(Larsson, 2006), cell proliferation (Oka & Kikkawa, 2005), cell differentiation (Denning, 2004) and 
apoptosis (Martelli et al., 2004).  In filamentous fungi PKC is very likely to have pleiotropic effects 
and it may well play a significant role in pathogenic development in M. oryzae although at present 
there is no direct genetic evidence for such a role.  Whilst numerous studies have been carried out to 
determine the roles of PKC isozymes in mammalian systems, relatively little is known of the 
function of PKC in fungi, particularly in filamentous fungi.   
 
Our hypothesis is that protein kinase C is an essential gene in Magnaporthe oryzae and is likely to 
be involved in essential cellular functions such as cell wall integrity.  As such, it provides a 
potential novel target for fungicide development.  This is because it is likely to act in a distinct way 
in fungi compared to other eukaryotes thereby reducing potential effects in other organisms 
(toxicity). 
 
In order to determine the function of the PKC1 gene of M. oryzae:- 
1. Chemical inhibition of PKC activity was used to investigate the effect of the kinase on the 
growth and infection-related development of M. oryzae. 
 
2. A PKC1-GFP gene fusion was employed to establish the sub-cellular localisation and 
temporal and spatial pattern of PKC1 expression 
 
3. Targeted gene replacement of PKC1 was attempted using a PCR based split-marker method 
4. Targeted gene silencing using RNA interference (RNAi) was employed as a tool for 
functional characterisation of PKC1 
 
5. Functional characterisation of PKC1 was attempted by selective PKC kinase inhibition by a 
chemical genetics approach 
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2 General materials and methods 
2.1  Growth and maintenance of fungus stocks 
All isolates of Magnaporthe oryzae used in this study are stored in the laboratory of N. J. Talbot 
(University of Exeter).  To enable long-term storage, M. oryzae was grown through filter paper 
disks (3 mm, Whatman International), which were desiccated and stored at -20 °C.  The fungus was 
routinely incubated in a controlled temperature room at 24 °C with a 12-h light/12-h dark cycle.  
The fungus was grown in complete medium (CM) (glucose, 10 g L-1, peptone, 2 g L-1, yeast extract, 
1 g L-1 (BD Biosciences), casamino acids, 1 g L-1, trace elements (zinc sulphate heptahydrate, 22 
mg L-1, boric acid, 11 mg L-1, manganese(II) chloride tetrahydrate, 5 mg L-1, iron(II) sulphate 
heptahydrate, 5 mg L-1, cobalt(II) chloride hexahydrate, 1.7 mg L-1, copper(II) sulphate 
pentahydrate, 1.6 mg L-1, sodium molybdate dehydrate, 1.5 mg L-1, ethylenediaminetetraacetic acid, 
50 mg L-1), vitamin supplement (biotin, 100 µg L-1, pyridoxine, 100 µg L-1, thiamine, 100 µg L-1, 
riboflavin, 100 µg L-1, p-aminobenzoic acid, 100 µg 1, nicotinic acid, 100 µg L-1), nitrate salts 
(sodium nitrate, 6 g L-1, potassium chloride, 0.5 g L-1, magnesium sulfate heptahydrate, 0.5 g L-1, 
potassium dihydrogen phosphate, 1.5 g L-1), pH to 6.5, agar, 15 g L-1) (Talbot et al., 1993).  All 
chemicals were obtained from Sigma unless otherwise stated. 
2.2 Pathogenicity and infection-related development assays 
2.2.1 Rice blast disease assays 
Rice infections were carried out using a dwarf Indica rice (Oryza sativa) cultivar, CO-39, which is 
susceptible to rice blast (Valent et al., 1991).  Conidia from twelve-day-old plate cultures of M. 
oryzae grown on CM agar were harvested in 3 ml of sterile deionized water.  The resulting 
suspension was filtered through sterile Miracloth (Calbiochem) and subjected to centrifugation at 
10 000 x g (Beckman, JA-17) for 10 min at room temperature.  The pellet was resuspended in 0.2% 
Chapter 2 
________________________________________________________________________________ 
 
40 
gelatin (BDH) to a final concentration of 1 x 104 conidia ml-1.  Using an artist’s airbrush (Badger 
Airbrush, Franklin Park, Illinois, USA) the suspension was spray-inoculated onto 14-day-old (2-3 
leaf stage) rice plants grown in 9 cm diameter pots (8 plants per pot).  After spray-inoculation, 
plants were watered well and incubated in polythene bags for 48 h and then grown for a further 3 
days in a controlled environment chamber (REFTECH, Holland) at 24 °C with a 12-h light/12-h 
dark cycle and 90% relative humidity (Valent & Chumley, 1991).  Lesion formation was monitored 
3 days post inoculation and lesion density was recorded 4-5 days after inoculation. 
2.2.2 Assays for germination and appressorium formation rates 
Conidial germination and the development of appressoria were monitored over time on a 
borosilicate glass coverslip (Fisher Scientific UK Ltd.), using a method adapted from Hamer et al., 
1988.  A conidial suspension of 5 x 104 conidia ml-1 was prepared in double-distilled water and 50 
µl was placed onto the surface of the coverslip.  Following incubation in a moist chamber at 24 °C 
for 24 h, 300 conidia were counted and the percentage that had undergone the stated developmental 
event was recorded.  Developing conidia were observed with an Axioskop 2 (Zeiss) microscope.  
Images were captured using Zeiss Axiovision 4.4. 
2.2.3 Penetration assays 
Appressorium-mediated penetration of the rice leaf epidermis was assessed using a procedure based 
on Kankanala et al., 2007.  Leaf sheath segments (5 cm) were detached from the plant and trimmed 
with a razor blade to expose the epidermis.  A conidial suspension at a concentration of 1 x 104 
conidia ml-1 was prepared and the inoculum was injected into the space delineated by the inner 
epidermis.  The segments were laid horizontally on a support in a moist chamber at 24 °C.  
Penetration events were scored 24-72 h later by viewing with a Confocal-Laser Scanning 
Microscope (CLSM). 
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2.3 Nucleic acid analysis 
2.3.1 Extraction of M. oryzae DNA 
2.3.1.1 Large scale extraction of fungal genomic DNA 
Liquid cultures of M. oryzae were generated by blending a 2 cm2 plug of mycelium into 150 ml of 
liquid CM in a commercial blender (Waring, Christison Scientific).  The cultures were incubated 
for 48 h at 24 °C in an orbital incubator (New Brunswick Scientific) until a mat of white fungal 
mycelium had formed beneath the surface of the medium.  The mycelium was harvested by 
filtration through sterile Miracloth (Calbiochem) and blotted dry with paper towels (Kimberley 
Clark Corporation) in a class II microbiological cabinet and then placed in a chilled mortar and 
ground to a fine powder with liquid nitrogen.  The powder was placed into sterile Oakridge tubes 
(Nalgene) containing 4 ml of 2 x CTAB buffer (hexadecyltrimethylammonium bromide, 5 mM, 
Tris (Tris(hydroxymethyl)aminomethane), 0.1 M, ethylenediaminetetraacetic acid, 7.8 mM, sodium 
chloride, 0.7 M) at 65 °C.  Samples were incubated at 65 °C for 20 min with occasional shaking.  
An equal volume of chloroform: pentanol (24:1 v/v) was added and the tubes shaken for 20 min at 
room temperature.  Following centrifugation at 13 000 x g for 10 min using a JS13.1 swinging 
bucket rotor in a Beckman J2-MC high-speed centrifuge, the supernatants were transferred to new 
tubes containing an equal volume of chloroform:pentanol (24:1 v/v).  The suspensions were mixed 
rapidly and subjected to centrifugation at 13 000 x g for a further 10 min.  The supernatant was 
removed and an equal volume of isopropanol gently added to precipitate the nucleic acids.  The 
tubes were incubated on ice for 5 min and the DNA recovered by centrifugation using a JS13.1 
swinging bucket rotor (Beckman) at 13 000 x g for 10 min.  The supernatant was discarded and the 
tube inverted on paper towels for 15 min.  The nucleic acid pellet was re-suspended in 500 µl of TE 
buffer (Tris, 10 mM, ethylenediamine tetraacetic acid, 1 mM (pH 8.0)) and then re-precipitated 
during a 10-min incubation at -20 °C using 0.1 volumes of sodium acetate, 3 M (pH 5.2) and two 
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volumes of ethanol, 95% (v/v).  The purified nucleic acid fraction was recovered by centrifugation 
for 20 min at 13 000 x g (IEC, Micromax) and washed with 500 µl of ethanol, 70% (v/v).  The 
nucleic acid pellet was dried for 20 min and re-suspended in 25-100 µl nuclease-free water  
containing RNase A, 10 µg ml-1.  Genomic DNA samples were routinely stored at -20 °C. 
 
2.3.1.2 Small scale extraction of fungal genomic DNA 
 
A smaller-scale DNA extraction protocol was followed when screening fungal transformants for 
homologous recombination events.  Agar cultures of M. oryzae were generated by placing a small 
plug of mycelium onto complete medium overlaid with a cellophane disc (Lakeland).  The cultures 
were incubated at 24 °C until a small mat of fungal mycelium had grown over the surface of the 
cellophane disc (8-10 days).  The cellophane disc was then peeled from the agar plate along with 
the fungal mycelium, placed into a mortar and ground with a pestle to a fine powder in liquid 
nitrogen.  The powder was placed in a 1.5 ml microfuge tube containing 500 µl of 2 x CTAB buffer 
and incubated at 65 °C for 30 min with occasional shaking.  An equal volume of 
chloroform:pentanol (24:1 v/v) was added and the tubes shaken vigorously for 20 min at room 
temperature.  Centrifugation was carried out at 14 000 x g for 10 min using a microfuge (IEC, 
Micromax) and the supernatants were transferred to new tubes.  The chloroform:pentanol (24:1 v/v) 
extraction step was repeated and the aqueous phase removed to a new tube to which an equal 
volume of isopropanol was added to precipitate nucleic acids.  The tubes were incubated at room 
temperature for 2 min and the DNA was recovered by centrifugation in a microfuge at 14 000 x g 
for 10 min.  The nucleic acid pellet was dried and re-suspended in 500 µl of sterile de-ionised water 
and then re-precipitated during a 10-min incubation at -20 °C using 0.1 vol of sodium acetate, 3 M 
(pH5.2) and two vol of ethanol, 100% (v/v).  The purified nucleic acid was recovered by 
centrifugation for 20 min at 13 000 x g and washed with 400 µl of ethanol, 70% (v/v).  The pellet 
was dried for 5 min in a vacuum rotary desiccator and resuspended in 50 µl of water (Sigma) 
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containing RNase A, 10 µg ml-1.  Nucleic acids were quantified using a NanoDrop 
spectrophotometer (Thermo Scientific).  Genomic DNA samples were routinely stored at -20 °C. 
 
2.3.2 DNA manipulations 
2.3.2.1 Digestion of genomic or plasmid DNA with restriction enzymes 
Restriction endonucleases were routinely obtained from Promega UK Ltd. (Southampton, UK) or 
New England Biolabs (Hitchin, UK).  DNA digestion was carried out using buffer solutions 
provided by the manufacturer.  0.2-1 µg DNA and 2-10 units of enzyme in a total volume of 30 µl 
were incubated at the optimum temperature for 2-4 h.  For Southern blot analysis, 10 µg DNA and 
20 units of enzyme in a total volume of 30 µl were incubated at the optimum temperature overnight.  
2.3.2.2 DNA gel electrophoresis 
Digested DNA was fractionated by gel electrophoresis in agarose gel matrices, 0.8% (w/v) using a 
1x TBE buffer  (Tris-borate, 90 mM, ethylenediaminetetraacetic acid, 2 mM).  The DNA fragments 
were visualised, following the addition of ethidium bromide, 0.5 µg ml-1, using a UV 
transilluminator (UVP, inc.) and with a gel documentation system (Image Master VDS) with a 
Fujifilm Thermal Imaging system, FTI-500 (Phamacia Biotech).  1 kb plus size marker (Invitrogen) 
was used for determining the length of DNA fragments. 
2.3.2.3 Amplification of DNA by Polymerase Chain Reaction (PCR) 
DNA fragments were routinely amplified by polymerase chain reaction (PCR).  Unless otherwise 
stated, PCR reactions contained: 50-100 ng template DNA, forward and reverse primers, 800 ng of 
each, magnesium chloride, 2.5 mM, 10x reaction buffer (potassium chloride, 0.5 M, Tris-HCl, 0.1 
mM (pH 9 at 25 ºC) and Triton X-100, 1%), deoxynucleotide triphosphates (Amersham 
Biosciences), 0.2 mM of each, DNA polymerase, 1.5 units, and water (Sigma) to a total volume of 
25 µl.  The DNA polymerase used was either GoTaq® Flexi DNA polymerase (Promega) or 
Chapter 2 
________________________________________________________________________________ 
 
44 
Herculase® Enhanced for amplification of longer targets or when high fidelity amplification was 
required.  Routinely, PCR amplification reactions were performed in an Applied Biosystems 
GeneAmp®PCR system 2400 cycler.  An initial denaturation step was carried out at 94 ºC for 2 
min, followed by PCR cycling parameters of: 94 ºC for 30 s, 55-62 ºC for 30 s and 72 ºC for 1 
min/kb target length for 30-35 cycles, followed by a final extension at 72 ºC for 10 min.  The 
amplicons were gel-purified before ligation. 
2.3.2.4 Gel purification of DNA fragments 
DNA fragments were purified from agarose gels using a commercial kit, Wizard® SV Gel and PCR 
Clean-Up System (Promega) according to the manufacturer’s instructions.  Fragments were excised 
from the gel using a razor blade and placed in a pre-weighed 1.5 ml microfuge tube.  The mass of 
agarose removed from the gel was determined and an equal volume of Membrane Binding solution 
(4.5 M guanidine isothiocyanate, 0.5 M potassium acetate, pH 5.0) was added.  Samples were 
incubated at 65 °C and mixed by vortexing every 2-3 min until the gel slice had dissolved.  The 
dissolved gel mixture was placed in a Wizard® SV Minicolumn held in a 2 ml collection tube.  
After centrifugation for 1 min in an IEC, Micromax at 13 000 x g the flow-through was discarded 
and the column replaced in the collection tube.  The column was washed with 700 µl of Membrane 
Wash Solution (potassium acetate, 10 mM (pH 5.0), ethanol, 80%, ethylenediaminetetraacetic acid, 
16.7 µM (pH 8.0)) and centrifugation carried out for 1 min at 13 000 x g.  The flow-through was 
discarded and the wash repeated with 500 µl of Membrane Wash Solution.  Following 
centrifugation for 5 min at 13 000 x g, the flow-through was discarded and the column processed by 
centrifugation for an additional min at 13 000 x g.  The Wizard® SV Minicolumn was placed in a 
clean 1.5 ml microfuge tube, 30 µl of sterile nuclease-free water added and following incubation at 
room temperature for 1 min, the DNA was recovered by centrifugation for 1 min at 13 000 x g.  The 
eluted DNA was stored at -20 °C. 
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2.3.3 DNA cloning procedures 
2.3.3.1 Preparation of competent cells 
Stocks of laboratory-prepared transformation-competent cells were generated using a protocol 
adapted from Sambrook et al., 1989.  Single bacterial colonies were obtained by streaking 
bacterial cells across a plate of LB (tryptone, 10 g L-1, 
 
yeast extract, 5 g L-1, sodium chloride, 10 
g L-1, (pH 7.5), agar 18 g L-1
 
) and incubating at 37 °C for 16 h.  A single colony was used to 
generate an overnight culture in 10 ml LB broth (37 °C, 200 rpm).  A 2.5 ml aliquot of this culture 
was inoculated into 250 ml of SOC (tryptone, 20 g L
-1
, yeast extract, 5 g L
-1
, sodium chloride, 8.6 
mM, magnesium sulfate, 10 mM, magnesium chloride, 10 mM) and this was allowed to grow 
until an OD600 of 0.6 had been reached (Sambrook et al., 1989).  The culture was then transferred 
to a 50 ml Oakridge tube and incubated on ice for 10 min.  Cells were recovered by centrifugation 
at 2 510 x g (Beckman J2-MC, JS13.1 rotor) for 10 min at 4 °C.  To each tube, 15 ml filter-
sterilised FSB (potassium acetate, 10 mM (pH 7.5), manganese(II) chloride tetrahydrate, 45 mM, 
calcium chloride dihydrate, 10 mM, potassium chloride, 100 mM, hexamine-cobalt chloride, 3 
mM, glycerol, 10% (pH 6.4)) was added and the cells re-suspended by gentle pipetting.  Samples 
were incubated on ice for 10 min and the centrifugation step repeated once.  The cells were then 
re-suspended in 4 ml FSB and dimethyl sulfoxide was added to a final concentration of 3.4% 
(v/v).  The mixture was incubated on ice for 15 min and a further volume of dimethyl sulfoxide 
was added, such that the final concentration was 6.5% (v/v).  The cells were then dispensed into 
100 µl aliquots in pre-chilled microfuge tubes.  Samples were immediately frozen by immersion 
in liquid nitrogen and stored at -80 °C. 
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2.3.3.2 DNA ligation and selection of recombinant clones 
 
Routinely, ligation reactions were carried out in a total volume of 10 µl, using 10 x reaction buffer 
(Tris-HCl, 300 mM (pH 7.8 at 25°C), magnesium chloride, 100 mM, dithiothreitol, 100 mM and 
adenosine triphosphate, 10 mM) (Promega), T4 DNA ligase, 3 units (Promega), and vector and 
insert DNA at a 1:3 molar ratio.  Ligation reactions were incubated for 3 h at room temperature. 
 
DNA fragments amplified by the polymerase chain reaction (PCR) and gel-purified, were cloned 
by ligation into the pGEM-T vector (Promega).  pGEM-T allows T:A cloning of PCR fragments 
generated by certain thermostable DNA polymerases and facilitates the selection of recombinant 
clones using α-complementation of lacZ (Sambrook et al., 1989).  Ligations into the pGEM-T 
vector were incubated overnight at 4 ºC.  
 
For the efficient cloning of weakly amplified PCR products or for DNA fragments > 5 kb, either 
the TOPO TA Cloning® kit (Invitrogen) or the StrataClone™ PCR Cloning Kit (Agilent 
Technologies) were used according to the manufacturer's instructions.  Both kits include vectors 
with a lacZ' α-complementation cassette for blue-white screening of recombinant clones.  For 
TOPO cloning reactions, 0.5-4 µl of insert DNA was added to pCR 2.1-TOPO (plasmid DNA, 10 
ng, glycerol, 50%, Tris-HCl, 50 mM, (pH 7.4 at 25 ºC), ethylenediamine tetraacetic acid, 1 mM, 
dithiothreitol, 1 mM, Triton X-100, 0.1%, bovine serum albumin, 100 µg ml-1, phenol red) and 
salt solution (sodium chloride, 1.2 M, magnesium chloride, 60 mM) in a total volume of 6 µl.  
Reactions were incubated for 5 min at room temperature and then placed on ice.  For StrataClone 
cloning reactions, 50 ng of insert DNA was added to 3 µl StrataClone™ cloning buffer and 1 µl 
StrataClone™ vector mix in a total volume of 6 µl.  Reactions were incubated for 5 min at room 
temperature and then placed on ice. 
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2.3.3.3 Transformation of bacterial hosts 
 
Transformation was routinely carried out using Escherichia coli strain XL-1 Blue (Stratagene).  
XL1–Blue has a genotype supE44 hsdR17 recA1 endA1 gyrA46 thi relA1 lac- [Fʹ′ pro AB+ lacIq 
lacZΔM15 Tn10 (tet r)].  A 100 µl aliquot of competent cells was decanted into pre-chilled 15 ml 
tubes (Falcon 2059, BD Biosciences).  The tubes were incubated on ice for 10 min before 50 ng 
DNA was added and the mixture incubated on ice for a further 30 min.  Cells were heat-shocked 
at 42 °C for 45 s and then transferred to ice for 2 min.  At this point, 800 µl of SOC (tryptone, 20 
g L-1, yeast extract, 5 g L-1, sodium chloride, 0.5 g L-1, glucose, 20 mM, magnesium sulfate, 10 
mM, magnesium chloride, 10 mM) preheated to 42 ºC, was added to each tube and the recovering 
cells were incubated at 37 °C for 1 h with gentle shaking (125 rpm).  Aliquots were plated on LB 
agar with the appropriate antibiotic.  Where α-complementation selection was available 
(Sambrook et al., 1989) the agar contained isopropyl-thiogalactoside (IPTG, 0.8 mg ml-1 per 
plate) (Calbiochem (VWR International Ltd.)) and 5-bromo-4-chloro-3-indolyl-β-D-
galactopyranoside (X-gal, 0.8 mg ml-1 per plate) (Calbiochem (VWR International Ltd.)).  Plates 
were inverted and incubated at 37 °C overnight.   
 
Bacterial transformation of TOPO® ligation reactions was carried out using One Shot® TOP10 
chemically competent E. coli which has the genotype F- mcrA Δ(mrr-hsdRMS-mcrBC) Φ80 
lacZΔM15 ΔlacX74 recA1 araD139 Δ(ara-leu)7697 galU galK rpsL (StrR) endA1 nupG.  An 
aliquot of 2 µl of the ligation reaction was added to 50 µl of competent cells and incubated on ice 
for 15 min.  Cells were heat-shocked at 42 °C for 30 s and then transferred to ice for 2 min.  At 
this point, 250 µl of SOC (tryptone, 20 g L-1, yeast extract, 5 g L-1, sodium chloride, 10 mM, 
magnesium sulfate, 10 mM, magnesium chloride, 10 mM, potassium chloride, 2.5 mM, glucose, 
20 mM) was added to the cells which were then incubated at 37 °C for 1 h with gentle shaking 
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(125 rpm).  Aliquots were plated on LB agar with the appropriate antibiotic.  Bacterial 
transformation of StrataClone™ ligation reactions was carried out as for TOPO® ligation 
reactions except StrataClone SoloPack competent cells were used. 
2.3.3.4 Bacterial DNA mini preparations (alkaline lysis method) 
Small-scale preparations of plasmid DNA from bacterial colonies were made by modifying a 
larger scale method based on Sambrook et al., 1989.  Single bacterial colonies were picked and 
used to inoculate 4 ml Luria-Bertani broth (LB) (tryptone, 10 g L-1, 
 
yeast extract, 5 g L-1, sodium 
chloride, 10 g L-1, (pH 7.5)) containing the appropriate antibiotic in a universal bottle.  Cultures 
were grown overnight at 37 °C, with vigorous aeration (200 rpm) in an Innova 4000 rotary 
incubator (New Brunswick Scientific).  For long-term storage of bacterial cells a fraction of the 
initial 4 ml culture was retained to make a glycerol stock.  For this, an 800 µl aliquot of bacterial 
solution was added to 1.5 ml microfuge tubes containing 200 µl sterile glycerol, 100%.  The 
suspension was vortexed rapidly and stored at -80 °C.  The remainder of the culture was 
transferred to another 1.5 ml microfuge tube and harvested by centrifugation at 14000 x g (IEC, 
Micromax) for 5 min.  The supernatant was removed by aspiration and the bacterial pellet re-
suspended in 200 µl of ice-cold cell re-suspension solution (glucose, 50 mM, Tris-HCl, 25 mM 
(pH 8.0), ethylenediaminetetraacetic acid, 10 mM (pH 8.0)) by vigorous vortexing using a 
Whirlimixer (Fisher Scientific).  A 400 µl aliquot of freshly prepared lysis solution (NaOH, 0.2 M 
(freshly diluted from a 10 M stock), sodium dodecyl sulfate, 1%) was added to the cell 
suspension.  The contents of the tube were mixed by rapid inversion, ensuring that the entire 
surface of the tube came into contact with the solution.  The tube was placed on ice for 5 min and 
then 300 µl of ice-cold neutralisation solution (potassium acetate, 3 M, glacial acetic acid, 11.5% 
(v/v)) was added and the contents mixed by vortexing gently in an inverted position for 10 s.  The 
tube was stored on ice for 3-5 min, and processed by centrifugation at 12 000 x g for 5 min at 4 ºC 
in a microfuge.  The supernatant was transferred to a fresh tube and the double-stranded DNA 
Chapter 2 
________________________________________________________________________________ 
 
49 
was precipitated using an equal volume of isopropanol (propan-2-ol) at room temperature.  
Centrifugation at 12 000 x g for 5 min at 4 ºC was performed in a microfuge and the resulting 
supernatant decanted.  The pelleted nucleic acids were washed with 1 ml of ethanol, 70% (v/v) at 
4 ºC and centrifugation carried out at 12 000 x g for 5 min in a microfuge.  The supernatant was 
discarded and the pellet was air-dried for 10 min.  The pellet was re-suspended in 50 µl water 
(Sigma) containing DNase-free pancreatic RNase, 20 µg ml-1.  The DNA preparations were stored 
at -20 ºC. 
2.3.4 DNA sequence analysis 
All DNA sequence analyses were carried out at Eurofins MWG Operon. 
2.3.5 Southern blot analysis 
Blotting of agarose DNA gels was performed according to (Southern, 1975).  Each gel was 
submerged in HCl, 0.25 M, for 15 min to de-purinate the fractionated DNA and then immersed in 
Denaturing solution (sodium hydroxide, 0.4 M, sodium chloride, 0.6 M) for 30 min.  The gel was 
then transferred to Neutralisation buffer (sodium chloride, 1.5 M, Tris-HCl, 0.5 M, (pH 7.5)) for 30 
min before capillary blotting onto Hybond-N (Amersham Biosciences).  Gel blots were performed 
by placing the inverted gel onto a sheet of filter paper wick, which was supported on a perspex 
sheet with each end of the wick submerged in 20 x SSPE solution (sodium chloride, 3.6 M, sodium 
dihydrogen phosphate, 200 mM, ethylenediaminetetraacetic acid, 22 mM).  Hybond-N membrane 
was then placed onto the gel and overlaid with five layers of wet Whatman 3 mm paper and five 
layers of dry Whatman 3 mm paper onto which a 10 cm high pile of paper towels (Kimberley Clark 
Corporation) was placed.  Finally, a 500 g weight was placed on the stack and the blot was left to 
stand at room temperature overnight.  The transferred DNA was UV cross-linked to the membrane 
using a BLX crosslinker (Bio-link®). 
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2.3.5.1 Radiolabelled DNA probe construction 
DNA hybridisation probes were labelled by the random primer method (Feinberg & Vogelstein, 
1983) using a Ready-To-Go kit (Amersham Biosciences) according to the manufacturer’s 
instructions.  An 80 ng aliquot of DNA was made to a final volume of 47 µl in water.  The sample 
was boiled for 5 min to denature the DNA and then rapidly chilled on ice for 2 min.  The tube was 
briefly subjected to centrifugation and the contents were added to a Ready-To-Go reaction mix 
bead, containing buffer, dATP, dGTP, dTTP, FLPCpure™ Klenow Fragment (7-12 units) and 
random oligodeoxyribonucleotides, primarily 9-mers.  The reagents were mixed by gently pipetting 
and 2 µl of [α-32P]dCTP (3,000 Ci/mmol) added.  The labelling reaction was then incubated at 37 
°C for 10 min before being stopped by addition of 100 µl of labelling stop dye (sodium dodecyl 
sulfate, 0.1%, ethylenediaminetetraacetic acid, 60 mM, bromophenol blue, 0.5%, blue dextran, 
1.5%).  Un-incorporated isotope was removed by passing the labelling reaction through a Biogel 
P60 (Bio-Rad) column, and collecting the dextran blue-labelled fraction.  The probe was denatured 
by heating at 100 °C for 5 min and quenched on ice for 2 min, before adding to the hybridisation 
mixture. 
2.3.5.2 Hybridisation conditions 
DNA gel blot hybridisations were performed using standard procedures (Sambrook et al., 1989).  
Blots were incubated in hybridisation bottles (Hybaid Ltd.) in a hybridisation oven (Hybaid) for at 
least 4 h at 65 ˚C in 30 ml of pre-hybridisation solution ((6 x SSPE diluted from a 20 x stock; 
sodium chloride, 3 M, sodium dihydrogen phosphate monohydrate, 0.2 M, 
ethylenediaminetetraacetic acid, 25 mM, adjusted to pH 7.4 with sodium hydroxide, 10 M) 5 x 
Denhardt’s solution (diluted from a 50x stock; 5 g Ficoll (type 400, Pharmacia), 5 g 
polyvinylpyrrolidone, in 500 ml double distilled water), sodium dodecyl sulfate, 0.5%)) with 200 µl 
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denatured Herring sperm DNA (1% [w/v] in sodium chloride, 0.1 M) (Sigma).  A denatured 
radiolabelled probe was then added and the mixture incubated overnight at 65 ˚C.  
 
Following hybridisation, the blot was washed at high stringency.  The pre-hybridisation solution 
was removed along with any unbound probe and 30 ml of 2 x SSPE wash (sodium dodecyl sulfate, 
0.1%, sodium pyrophosphate, 0.1%, 2 x SSPE (diluted from the 20 x SSPE stock) (pH 7.4)) added.  
The mixture was then incubated for 30 min at 65 ˚C.  The wash solution was removed and replaced 
with 30 ml of 0.2 x SSPE wash (sodium dodecyl sulfate, 0.1%, sodium pyrophosphate 0.1%, 0.2 x 
SSPE, (pH 7.4)) and the blot again incubated for 30 min at 65 °C.  The wash was discarded and the 
membrane dried for 30 min.  
 
Autoradiography was carried out by exposure of membranes to X-ray film (Fuji medical X-ray film, 
Fuji Photo Film (U.K.) Ltd.) at -80 °C in the presence of an intensifying screen (Amersham).  X-ray 
films were developed using an OPTIMAX X-Ray Film Processor (Protec). 
2.3.6 Extraction of fungal RNA 
RNA was prepared from liquid cultures generated by blending 150 ml of liquid CM with a 2 cm2 
plug of mycelium from a CM plate culture.  This was grown for 48 h, at 24 °C, 125 rpm in an 
orbital incubator.  The mycelium was harvested by filtering through sterile Miracloth and blotted 
dry with paper towels. It was then placed in a mortar and ground to a fine powder in liquid nitrogen.  
After grinding, the powder was transferred to 1.5 ml microfuge tubes (Microfuge tube UK Ltd) 
containing 400 µl of extraction buffer (lithium chloride, 0.1M, Tris, 0.1M (pH 8), 
ethylenediaminetetraacetic acid, 10mM, sodium dodecyl sulphate, 1%) and 400 µl phenol and 
inverted for 60 s.  At this point 400 µl of chloroform was added and the contents mixed by inverting 
the tube for 30 s before centrifugation in an IEC, Micromax at 12 000 x g for 30 min.  The aqueous 
phase was transferred to a fresh microfuge tube and 1 volume of lithium chloride, 4 M, was added 
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before incubation at 4 °C overnight.  The sample was then centrifuged at 12 000 x g for 20 min and 
the pellet washed with 1 ml of ethanol, 70% (v/v) before re-suspension in 500 µl DEPC treated 
water.  Following addition of 500 µl phenol:CIA (1:1 v/v), the sample was inverted for 30 s before 
centrifugation at 17 000 x g, 4 °C for 10 min ( Z 323K, Hermle).  The aqueous phase was 
transferred to a fresh microfuge tube and the RNA precipitated by adding 0.1 volumes of sodium 
acetate, 3 M (pH 5.2) and two volumes of ethanol and stored at -20 °C overnight.  The RNA was 
recovered by centrifugation at 17 000 x g, 4 °C for 20 min.  The RNA pellet was washed with 
ethanol, 70% v/v, air dried and re-suspended in 100 µl DEPC water before storing at -80 °C. 
2.3.7 RNA manipulations 
2.3.7.1 RNA gel electrophoresis 
Total and Poly (A)+ RNA samples were fractionated by denaturing gel electrophoresis.  Samples 
were first denatured in formamide, 50% (v/v), formaldehyde, 2.2 M, 1 x MOPS/EDTA buffer (3-
[N-morpholino]-propanesulfonic acid, 20 mM, sodium acetate, 5 mM, ethylenediaminetetraacetic 
acid, 1 mM, (pH 7.0)) at 65 °C for 15 minutes.  Gel electrophoresis was then performed in agarose 
gel matrices, 1.2% (w/v) containing formaldehyde, 2.2 M using a 1 x MOPS/EDTA buffer 
(Sambrook et al., 1989).  A commercial RNA size marker was used during electrophoresis to allow 
determination of the molecular mass of transcripts (0.5-10 kb ladder, Invitrogen).   
2.3.7.2 Reverse transcription-PCR 
Double stranded cDNA was obtained from RNA isolations using the Titanium™One-Step RT-PCR 
Kit (BD biosciences).  A master mix was prepared using the following reagents to give a total 
volume of 43.5 µl; 5 µl 10x One-Step Buffer (tricine, 400 mM potassium chloride, 200 mM, 
magnesium chloride, 30 mM, bovine serum albumin, 37.5 µg ml-1), dNTPs, 10 mM of each, 
Recombinant RNase inhibitor, 20 units, 25 µl Thermostabilising Reagent, 10 µl GC-Melt™, 1 µl 
Oligo(dT) Primer (20 µM; dT[18]), 1 µl 50x RT-Titanium Taq Enzyme Mix (includes MMLV-RT 
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mutant, TITANIUM Taq DNA polymerase and TaqStart Antibody).  To this master mix, between 
1-5.5 µl of RNA sample was added (1 ng-1 µg) along with experimental primers, 45 µM of each, 
and the volume made up with Rnase-Free water to give a total volume of 50 µl.  The reaction mix 
was placed in a Thermal Cycler and heated to 50 °C for 1 h.  Normal PCR amplification conditions 
followed; 94 °C for 5 min; 94 °C for 30 s, 50 °C (adjusted depending on annealing temperature of 
primers) for 30 s, 70 °C for 1 min/kb target length, for 30-35 cycles, followed by a 70 °C extension 
for 10 min.  PCR products were analysed by gel electrophoresis. 
2.3.8 Northern blot analysis 
 
RNA gel blots were performed as described by Sambrook et al. (1989).  Following electrophoresis, 
gels were immersed in sterile DEPC-treated water pre-heated to 30 ºC, and washed for 15 min with 
gentle shaking.  A capillary blot was assembled as previously described in section 2.3.5 for transfer 
of RNA to Hybond N.  After 18 h, the blot was dismantled and the RNA was cross-linked to the 
Hybond-N membrane using a BLX crosslinker (Bio-link®). 
2.3.8.1 Hybridisation conditions 
RNA gel blot hybridisations were performed in a hybridisation oven (Hybaid) for 30 min at 42 ˚C 
in 15 ml of Ultra-hyb hybridisation solution ((6 x SSPE diluted from a 20 x stock; sodium chloride, 
3 M, sodium dihydrogen phosphate monohydrate, 0.2 M, ethylenediaminetetraacetic acid, 25 mM, 
adjusted to pH 7.4 with sodium hydroxide, 10 M) 5 x Denhardt’s solution (diluted from a 50x stock; 
5 g Ficoll (type 400, Pharmacia), 5 g polyvinylpyrrolidone, in 500 ml double distilled water), 
sodium dodecyl sulfate, 0.5%))  A denatured radiolabelled probe was then added and the mixture 
incubated overnight at 42 ˚C.  
 
Following hybridisation, the blot was washed at high stringency.  The pre-hybridisation solution 
was removed along with any unbound probe and 30 ml of 2 x SSPE wash (sodium dodecyl sulfate, 
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0.1%, sodium pyrophosphate, 0.1%, 2 x SSPE (diluted from the 20 x SSPE stock) (pH 7.4)) added.  
The mixture was then incubated for 30 min at 42 ˚C.  The wash solution was discarded and replaced 
with 30 ml of 0.2 x SSPE wash and the blot again incubated for 30 min at 42 °C.  The wash step 
was repeated with 30 ml of 0.1 x SSPE wash for 10 min at 42 °C, after which the wash was 
discarded and the membrane dried for 30 min.  Autoradiography was carried out as described 
previously. 
2.4 DNA-mediated transformation of M. oryzae 
A 2.5 cm2 section of M. oryzae mycelium was removed from a CM plate culture, blended in 150 ml 
complete medium and incubated at 24 °C with shaking at 125 rpm in an orbital incubator for 48 h.  
The mycelium was harvested by filtration through sterile Miracloth (Calbiochem) and washed in 
sterile distilled water.  The mycelium was transferred to a Falcon tube (Becton Dickinson) with 40 
ml OM buffer (magnesium sulfate, 1.2 M, sodium phosphate, 10 mM (pH 5.8), Glucanex 5% (Novo 
Industries, Copenhagen)) and shaken gently at 75 rpm for 2-3 h at 30 °C in an orbital incubator.  
The resulting protoplasts were transferred to sterile polycarbonate Oakridge tubes (Nalgene) and 
overlaid with an equal volume of cold ST buffer (sucrose, 0.6 M, Tris-HCl 0.1 M (pH 7)).  
Protoplasts were recovered by centrifugation at 5000 x g, for 15 min at 4 °C in a swinging bucket 
rotor (Beckman JS-13.1) in a Beckman J2.MC centrifuge.  The protoplasts were recovered at the 
OM/ST interface and transferred to a sterile Oakridge tube, which was filled with cold STC buffer 
(sucrose, 1.2 M, Tris-HCl, 10 mM (pH7.5), calcium chloride, 10 mM).  Protoplasts were pelleted at 
3 000 x g for 10 min at 4 °C, (Beckman JS-13.1 rotor), washed twice more with 10 ml STC, with 
complete re-suspension each time.  After re-suspending in 1 ml of STC, the concentration of 
protoplasts was determined by counting using a haemocytometer. 
 
DNA-mediated transformation was undertaken in 1.5 ml microfuge tubes by combining an aliquot 
of purified protoplasts (107 ml-1) with DNA (4-8 µg) in a total volume of 150 µl.  The mixture was 
Chapter 2 
________________________________________________________________________________ 
 
55 
incubated at room temperature for 25 min and then 1 ml of PTC (PEG 4000, 60%, Tris-HCl, 10 
mM (pH 7.5), calcium chloride, 10 mM) was added in 2 aliquots and mixed by gentle inversion.  
The mixture was incubated at room temperature for 15-20 min then added to 150 ml molten (46 °C) 
1.5% agar/OCM (CM osmotically stabilised with sucrose, 0.8 M), mixed gently and poured into 5 
sterile Petri dishes (25 ml plate-1).   
 
For selection of transformants on hygromycin B (Calbiochem), plate cultures were incubated in the 
dark for at least 16 h at 24 °C and then overlaid with approximately 15 ml OCM/1% agar 
containing hygromycin B, 200 µg ml-1.  
 
For selection of bialophos (Basta) resistant transformants, OCM was replaced with BDCM (yeast 
nitrogen base without amino acids and ammonium sulfate, 1.7 g L -1 (Difco), ammonium nitrate, 2 g 
L -1, asparagine, 1 g L -1, glucose, 10 g L -1, sucrose, 0.8 M, pH 6).  In the overlay, CM was replaced 
with BDCM without sucrose and hygromycin B was replaced by glufosinate 30 µg ml-1. 
 
For selection of sulfonylurea resistant transformants, OCM was replaced with BDCM and in the 
overlay, hygromycin B was replaced with chlorimuron ethyl, 50 µg ml-1 freshly diluted from a stock 
solution, 100 mg ml-1. 
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3 Characterisation of a putative PKC-encoding gene 
3.1 Introduction 
In this chapter we set out to test the idea that protein kinase C-signalling is important in the 
regulation of infection-related development in Magnaporthe oryzae.  A putative PKC gene was 
identified and the deduced protein sequence was compared to that of known PKCs.  We began our 
investigations with some preliminary pharmacological studies using three known inhibitors of PKC; 
calphostin C, chelerythrine chloride and Ro-31-8220, a staurosporine analogue.   
 
We then set out to identify the sub-cellular localisation of PKC in M. oryzae in the anticipation that 
this might provide some indication of its function(s).  Advances in the use of green fluorescent 
protein (GFP) have facilitated the investigation of the activity of PKC in vivo within intact cells.  
The term "green fluorescent protein" (GFP) is traditionally applied to the fluorescent protein found 
in the Pacific North-West jellyfish, Aequoria victoria, although the sea pansy Renilla reniformis 
also produces a protein with similar fluorescent properties.  The Aequoria victoria GFP produces 
fluorescence as a result of energy transfer from either a Ca2+ activated phosphoprotein or a 
luciferase-oxyluciferin excited complex (Prasher et al., 1992, Ward & Bokman, 1982) and it is a 
238 amino acid residue protein, exhibiting absorption maxima at 395 and 475 nm, the latter being a 
weaker absorbance.  Excitation at 395 nm leads to an emission maximum at 508 nm, with a 
quantum yield of 0.72-0.85 (Morise et al., 1974).  The purified protein exhibits high stability, 
maintaining its fluorescence at temperatures up to 65 °C.  It remains intact in the presence of 1% 
sodium dodecyl sulfate (SDS) and can survive for many hours in the presence of most proteases 
(Cubitt et al., 1995).  GFP exhibits a β-barrel structure and three adjacent amino acid residues 
facing towards the centre of the barrel (Ser65, Tyr66 and Gly67) are responsible for generation of 
the fluorescent chromophore.  In a post-translational modification, cyclisation of the Ser65 and 
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Tyr66 residues produces a 1H-imidazol-5(4H)-one, which is subsequently oxidised by molecular 
oxygen to the 4-hydroxybenzylideneimidazolinone chromophore (Cody et al., 1993).  The barrel 
structure of the protein protects the chromophore from fluorescence quenching with either water or 
oxygen.  Most importantly, the fluorescent properties of GFP and the fact that it can be readily 
fused to the N or C termini of many cellular and extracellular proteins, have led to the now 
widespread use of GFP as a reporter of gene expression, for specific organelle labelling and as a 
fusion tag to facilitate the determination of protein localisation in living cells (Cubitt et al., 1995, 
Reiser et al., 1999, Bruno et al., 2004). 
 
The native GFP from Aequoria victoria is not ideal for many biological studies.  It suffers from 
photobleaching on prolonged exposure to ultraviolet light (Lorang et al., 2001) and extensive 
mutation studies have led to the development of a mutant in which the serine-65 residue is replaced 
with threonine (Cubitt et al., 1995).  The resulting GFP exhibits an absorption maximum at 490 nm, 
the absorption peak at 395 nm in the native protein being lost and this leads to a six-fold increase in 
fluorescence intensity and a significantly reduced rate of photobleaching (Heim et al., 1995).  This 
mutant allele, referred to as sGFP, has been expressed in a variety of fungal systems including 
Ustilago maydis (Spellig et al., 1996), the wheat blotch fungus Mycosphaerella graminicola (Rohel 
et al., 2001) and Magnaporthe oryzae (Kershaw et al., 1998, Bruno et al., 2004).  Here we report 
the construction of a PKC1:GFP C-terminal gene fusion to investigate the temporal and spatial 
pattern of PKC1 expression. 
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3.2 Materials and methods 
3.2.1 PKC inhibitors 
All PKC inhibitors (Figure 3.1) used in this study were purchased from Sigma.  A stock solution of 
the photosensitive Ro-31-8220 (1 mg ml-1; 1.8 mM) was made in double-distilled water and stored 
in aluminium foil wrapping at 4 ºC.  Stock solutions of calphostin C (0.05 mg ml-1; 253 µM) and 
chelerythrine chloride (1 mg ml-1; 2.6 mM) were made in dimethyl sulfoxide (100%) and stored at  
-20 ºC.  Prior to use, the inhibitors were diluted in double-distilled water to the required 
concentration. 
Chapter 3 
________________________________________________________________________________ 
 
59 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1  Chemical structures of three known inhibitors of protein kinase C 
 
Calphostin is a perylenequinone metabolite of the fungus Cladosporium cladosporioides (Weiss et 
al., 1987) and inhibits phorbol dibutyrate binding to PKC.  Chelerythrine is a benzophenanthridine 
alkaloid found in the plant Chelidonum majus L. (Papaveraceae) (Colombo & Bosisio, 1996) and 
inhibits PKC by interaction with the catalytic domain (Herbert et al., 1990).  Ro-31-8220 is a 
staurosporine analogue and a member of the bisindolemaleimide class of compounds (Beltman et 
al., 1996). 
 
Calphostin C 
Chelerythrine chloride 
Ro-31-8220 
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3.3 Results 
3.3.1 Pharmacological inhibition of PKC 
 
Three known inhibitors of PKC, chelerythrine chloride, calphostin C and Ro-31-8220, a 
staurosporine analogue, were employed in an attempt to learn more about the biological function(s) 
of PKC in M. oryzae, particularly with respect to growth and development of the fungus.  Whilst 
calphostin C, a perylenequinone metabolite of the fungus Cladosporium cladosporioides 
(Kobayashi et al., 1989), interacts with the regulatory domain of PKC, chelerythrine chloride, a 
benzophenanthridine alkaloid (Herbert et al., 1990), and Ro-31-8220 (Beltman et al., 1996), a 
staurosporine analogue, both inhibit PKC by interaction with the catalytic domain. 
 
3.3.1.1 The effect of PKC inhibitors on vegetative growth 
Colonies grown on CM agar supplemented with an inhibitor showed enhanced production of aerial 
hyphae, as shown in Figure 3.2.  The rate of vegetative growth was not affected by incorporation of 
calphostin C or Ro-31-8220 in the culture medium, but the radial growth of colonies grown in the 
presence of chelerythrine chloride was significantly reduced after 12 days (Student's t-test p < 0.05), 
as shown in Figure 3.3.  However, a significant reduction in conidiation was observed when Guy11 
was grown in the presence of both chelerythrine chloride and Ro-31-8220 (Student's t-test p < 0.05) 
(Figure 3.4). 
 
3.3.1.2 Pharmacological inhibition of PKC1 activity prevents conidial 
germination and appressorium development 
 
Conidial germination and appressorium formation were assayed on hydrophobic coverslips 
incubated in a moist chamber at 24 ºC for 24 h, as described in Section 2.2.2.  The inhibitor Ro-31-
8220 was added at varying concentrations and time intervals following incubation.  After 24 h, the 
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frequency of germination and appressorium development was determined following direct 
microscopic examination of 300 conidia for each concentration of the inhibitor.  At high 
concentrations M. oryzae appeared to take up the inhibitor and this was visible as an orange deposit 
within conidia, appressoria and germ tubes as shown in Figure 3.5.  When Ro-31-8220 was added at 
0 h and at a concentration of 50 µM or more, conidial germination was inhibited completely, as 
shown in Figure 3.6a.  After exposure to 25 µM Ro 31-8220 at 0 h, more than 90% of conidia 
germinated successfully but there was no evidence of appressorium differentiation.  Instead, 40% of 
conidia formed multiple germ tubes as shown in Figure 3.6b.  The effect of Ro-31-8220 at 12.5 µM 
was negligible (Figure 3.6c), as it was at the higher concentrations when added after 6 h.  When 
higher concentrations (50 µM or more) and, to a lesser extent, 25 µM, of Ro-31-820 were added at 4 
h, a significant reduction in appressorium differentiation was observed (Student's t-test p<0.05).   
 
The experiments were repeated by exposing M. oryzae conidia to chelerythrine chloride.  When the 
inhibitor was added at 0 h at a concentration of 10 µM or more, conidial germination was 
completely inhibited, as shown in Figure 3.7a.  Following exposure to 2.5 µM chelerythrine 
chloride at 0 h, almost 100% of conidia germinated successfully, but there was evidence of 
appressorium differentiation for only 20% (Figure 3.7c).  When the higher concentrations (5 µM or 
more) were added at 2-4 h, a significant reduction in the frequency of appressorium differentiation 
was observed (Student's t-test p<0.05) as shown in Figures 3.7a & b.  There was no effect from 
exposure to either inhibitor at any concentration when added after 6 h..  This is consistent with the 
action of PKC being important during the first six hours of conidial germination. 
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Figure 3.2  The effect of pharmacological inhibition of PKC on colony morphology of M. 
oryzae 
 
A plug of Guy11 mycelium was inoculated onto CM agar containing the inhibitor and incubated at 
24 ºC for 12 days.   
 
Control Calphostin C 
(250 nM) 
Ro-31-8220 
(25 µM) 
Chelerythrine 
chloride (5 µM) 
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Figure 3.3  Line graph showing the effect of PKC inhibitors on vegetative growth of M. oryzae 
 
Mycelial plugs of Guy11 were inoculated onto CM plates containing the inhibitor and incubated at 
24 ºC for 12 days.  The diameters of the colonies were recorded every 48 h.   
Error bars represent the standard deviation between three replicate plates. 
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Figure 3.4  Bar chart to show the effect of PKC inhibitors on conidiogenesis of M. oryzae 
 
Mycelial plugs of Guy11 were inoculated onto CM agar containing the inhibitor and incubated at 24 
ºC.  After 12 days conidia were harvested in distilled water and counted microscopically. 
Error bars represent the standard deviation between three replicate plates. 
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Figure 3.5  Pharmacological inhibition of PKC with Ro-31-8220 
 
The frequency of conidial germination and development of appressoria was observed in the 
presence of the PKC inhibitor Ro-31-8220 by differential interference contrast (DIC) microscopy 
24 hpi.  Scale bar = 10 µm 
 
 
50 µM at 0 h 
50 µM at 4 h 
50 µM at 6 h 
25 µM at 0 h 
25 µM at 4 h 
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Figure 3.6  Pharmacological inhibition with Ro 31 8220 prevents conidial germination and 
appressorium formation 
 
Bar charts to show the frequency of conidial germination and appressorium development in M. 
oryzae strain Guy11 grown in the presence of the PKC inhibitor, Ro 31 8220.  The inhibitor was 
added at 0, 4 h, 6 h, 8 h and 12 h after conidial inoculation. Spores were exposed to Ro-31-8220 at 
a) 50 µM;  b) 25 µM;  c) 12.5 µM final concentration. 
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Figure 3.7  Pharmacological inhibition with chelerythrine chloride prevents germination and 
appressorium formation 
 
Bar charts to show the frequency of conidial germination and appressorium development in M. 
oryzae strain Guy11 grown in the presence of the PKC inhibitor, chelerythrine chloride.  The 
inhibitor was added at 0, 4 h, 6 h and 8 h after conidial inoculation. Spores were exposed to 
chelerythrine chloride at a) 10 µM;  b) 5 µM;  c) 2.5 µM final concentration. 
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3.3.2 Identification of a putative M. oryzae protein kinase C-encoding gene 
 
The putative PKC1-encoding gene locus, MG08689, was identified by interrogation of the M. 
oryzae genome sequence database (http://www.broad.mit.edu/annotation/fungi/magnaporthe/).  The 
PKC1-encoding gene was predicted to have an open reading frame of 3895 bp encoding 1183 
amino acids.  The coding sequence is interrupted by five introns of 84, 78, 63, 53 and 68 bp in 
length.  The DNA sequence, showing the positions of the exons and introns, together with the 
amino acid sequence, is shown in Figure 3.8. 
3.3.3 PKC1 is a single copy gene in the M. oryzae genome 
 
Preliminary analysis of the genome sequence (Dean et al., 2005) indicated that M.oryzae PKC1 is a 
single copy gene and this was confirmed experimentally by restriction digestion and Southern blot 
analysis as shown in Figure 3.9.  Unlike mammalian systems, where a number of isoforms of PKC 
have been identified, the presence of a single PKC-encoding gene appears to be typical of 
filamentous fungi.  Two copies were initially identified in Aspergillus nidulans, but subsequent 
analysis revealed that only one copy possessed the characteristic PKC regulatory domain 
(Herrmann et al., 2006). 
3.3.4 Amino acid alignment of putative PKC-encoding genes 
 
The M oryzae predicted PKC1 amino acid sequence was aligned with those from Neurospora 
crassa (XP_962251), Aspergillus nidulans (XP_657710), Cryptococcus neoformans(XP_569656), 
Saccharomyces cerevisiae (EDN64518) and Homo sapiens (PKC-epsilon) (NP_005391) using the 
ClustalW algorithm (Thompson et al., 1994).  The sequences were obtained from a BLASTP search 
(Altschul et al., 1990). 
 
Comparison of the amino acid sequence with known PKCs from other filamentous fungi revealed 
that the putative PKC1 gene of M. oryzae contained all the conserved domains common to fungal 
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PKCs as shown in Figure 3.10.  There are two homologous region (HR1) motifs, one of which has a 
binding-site for the small GTPase Rho1 as was demonstrated in S. cerevisae.  M. oryzae PKC1 has 
two C1 domains, which contain copies of a cysteine-rich repeat that is essential for the binding of 
the second messengers diacylglycerol and phorbol esters (Hurley et al., 1997).  The C2 domain 
precedes the C1 domains and lacks the aspartate residues required for calcium-binding, therefore M. 
oryzae PKC1 is more similar to the novel PKCs than the conventional mammalian isoforms.  The 
pseudosubstrate region, which resembles the consensus substrate phosphorylation site found in all 
classical, novel and atypical PKCs immediately precedes the C1 domain. 
 
3.3.5 Phylogenetic tree of PKC-encoding genes 
 
Phylogenetic analysis of PKC was carried out using amino acid sequences from a range of 
organisms.  The genetic relationship of PKC1 was explored by contructing a maximum likelihood 
tree (Felsenstein, 1981) of a broad cross-section of PKC-encoding genes from diverse eukaryotes as 
shown in Figure 3.11.  Tree topology was tested by 1000 bootstrap re-sampling of the data.  PKC1 
was part of a clade of fungal-specific PKC-encoding genes with strong bootstrap support, within 
which the ascomycete-specific PKCs formed a single clade. 
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   1:ATG GAT GAC AGG ATA CAA GAC ATT TAC AAA AAG ATC GAG CGC GAG AAA GCT TTG ATA AAT GCT GCC AAC TTG 
   1: M   D   D   R   I   Q   D   I   Y   K   K   I   E   R   E   K   A   L   I   N   A   A   N   L  
 
  73:ATG CGA CAG CAG ACC AAC AAT GAT GCC GTC CGA TCC AAG CTC GAC ACC CAG ATG CGC GAG GGC CGC CGC AAC 
  25: M   R   Q   Q   T   N   N   D   A   V   R   S   K   L   D   T   Q   M   R   E   G   R   R   N  
 
 145:CTC GAG TTC TTT GAA GGG ACA CTG CGG GAA ATG CAG ATG CGC AGT ATG GGT CAA GGA ATG GAC AAC CTG AGC 
  49: L   E   F   F   E   G   T   L   R   E   M   Q   M   R   S   M   G   Q   G   M   D   N   L   S  
 
 217:ATC GGC GGG TCC ACC CTT GCC GCC AGC GCC TCC TCT TCG TCC CGC CCG CGA AGT GCC GTC GAG GAA GAT GGC 
  73: I   G   G   S   T   L   A   A   S   A   S   S   S   S   R   P   R   S   A   V   E   E   D   G  
  
 289:CCC ATG CCT CCT CCT AAA GAT GGG GGA TAT GGC GCT GGT GGC GAC GGC TAT GGC CAA ACG CAG TAC AGT CAG 
  97: P   M   P   P   P   K   D   G   G   Y   G   A   G   G   D   G   Y   G   Q   T   Q   Y   S   Q  
 
 361:ATC GGC GAG CAT GGC GAT CTG ATG CCG CCT CGA GGT CCT TTC GCC AAC CAA GGC CCA GGG AGC CAT ATT CCA 
 121: I   G   E   H   G   D   L   M   P   P   R   G   P   F   A   N   Q   G   P   G   S   H   I   P  
 
 433:AAA ACA AGA CCA AAC TTT ACA AAG CTG G gtgagtcgaccggttgcaataactagcggcaatgtaaacatcataagattccctagc 
 145: K   T   R   P   N   F   T   K   L                                                              
 
 518:tgacaactgcaatttgtatcgcgacag AT CTG ATC AAA TAC GAC ACG CCA TAC CTT GGC CCC CGG ATT CAG CTC ATG  
154:                             D   L   I   K   Y   D   T   P   Y   L   G   P   R   I   Q   L   M   
 
 595:CTG TCG CAA ATT CAA TTC AAA CTC AAT GTT GAG GAA CAG TAT CTG AAA GGC ATC GAA AAG ATG GTA CAG TTG 
 171: L   S   Q   I   Q   F   K   L   N   V   E   E   Q   Y   L   K   G   I   E   K   M   V   Q   L  
 
 667:TAT CAG ATG GAG GGT GAT AAG AAG AGC AGA GCC GAT GCA GCC GCC CGT CGG GTT GAG AGC AAG CAA AAA ATC 
 195  Y   Q   M   E   G   D   K   K   S   R   A   D   A   A   A   R   R   V   E   S   K   Q   K   I  
 
 739:GTA CTA TTG AAA CAG GCT TTG CGA AGA TAC GAA GAA TTG CAT ATA GAC ATT GAC TCG GGA GAT TCA CCG GAT 
 219: V   L   L   K   Q   A   L   R   R   Y   E   E   L   H   I   D   I   D   S   G   D   S   P   D  
 
 811:G gtaagcatttggcgctggaaggtcactacccctctgggctcaattcacgtacctgctaacacttttactttcccgcag AT GAT AGT ATC 
 243:                                                                                 D   D   S   I  
 
 901:AAC ATG CCC AAC CTC CGG AAG CCC CTT ACC GGT CAA TTA TCG ATT CGA GTC ATT GCC ATC AAA GAT GTC GAC 
 247: N   M   P   N   L   R   K   P   L   T   G   Q   L   S   I   R   V   I   A   I   K   D   V   D  
 
 973:CAC GCT CCG ACA GGG CGC TTT GCC CGA GGC CCC GAC ACT TTC GTG GCG ATC AAG GTG GAA GAC AAT ATA GCT 
 271: H   A   P   T   G   R   F   A   R   G   P   D   T   F   V   A   I   K   V   E   D   N   I   A  
 
1045:GCC CGT ACC AGA GTA TCT CGA ACA GAC AGG TGG GAG AAC GAG TAT CAC AAC GTC GAG GTC GAC AAG GCA AAC 
 295: A   R   T   R  V   S   R   T   D   R   W   E   N   E   Y   H   N   V   E   V   D   K   A   N   
 
1117:GAA ATT GAG CTC ACC GTT TAC GAC AAA CCC GGA GAG CAC TCA ATC CCC ATC GGG ATG CTT TGG GTC AGA ATA 
 319: E   I   E   L   T   V   Y   D   K   P   G   E   H   S   I   P   I   G   M   L   W   V   R   I  
 
1189:TCT GAT ATC GCT GAA GAG CTG CGA AGG AAG AAG ATC GAA GCG GAA ACT AAT AGT CTG GGC TGG GTG TCA GCG 
 343: S   D   I   A   E   E   L   R   R   K   K   I   E   A   E   T   N   S   L   G   W   V   S   A  
 
1261:GAC CGC ATG GGC GAC GTG AAC CCT GCT GCC AGA GTT CCC CCT CCG CAA TTC CCA ATG AAC ACT CAA CAG CAG 
 367: D   R   M   G   D   V   N   P   A   A   R   V   P   P   P   Q   F   P   M   N   T   Q   Q   Q  
 
1333:CAG CCT GGT GGT CCA GTA TCC CCC GGC ATC CAG GGC CAG CAG CAA GGG TAT GGT CAA CCG GGG GAT CCG CAG 
 391: Q   P   G   G   P   V   S   P   G   I   Q   G   Q   Q   Q   G   Y   G   Q   P   G   D   P   Q  
 
1405:CAA CCG GGT CAG CAA GGT CAG ATG GGA CAG GTT CAG GAA CCT ATT ACA GGC TGG TTT AAC CTC GAG CCT ACT 
 415: Q   P   G   Q   Q   G   Q   M   G   Q   V   Q   E   P   I   T   G   W   F   N   L   E   P   T  
 
1477:GGC TCC ATT CAG CTC AGC TTG AAC TTC TTC AAA CAG AGC AAG GAC CGT CGC CCT GTG GAC TTG GGT CTT GGA 
 439: G   S   I   Q   L   S   L   N   F   F   K   Q   S   K   D   R   R   P   V   D   L   G   L   G  
 
1549:CGC AAG GGC GCC ATC CGC CAA CGC AAG GAG GAG GTT CAC GAG ATG TAT GGA CAC AAG TTT GTG GAG CGC CAG 
 463: R   K   G   A   I   R   Q   R   K   E   E   V   H   E   M   Y   G   H   K   F   V   E   R   Q  
 
1621:TTC TAC AAC ATC ATG CGC TGC GCT CTC TGC GGA GAC TTC CTC AAG GGC GGA TCG GGG ATG CAG TGC GAG GAT 
 487: F   Y   N   I   M   R   C   A   L   C   G   D   F   L   K   G   G   S   G   M   Q   C   E   D  
 
1693:TGC AAG TAC ACT TGC CAT ATC AAG TGC TAC ACG AGC GTG GTC ACC AAA TGC ATC AGC AAA TCC AAC GCT GAA 
 511: C   K   Y   T   C   H   I   K   C   Y   T   S   V   V   T   K   C   I   S   K   S   N   A   E  
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1765:ACT GAT CCG GAT GAG GAG AAG ATC AAC CAC CGG ATT CCT CAC AGA TTC GTG GCA TTC TCT AAC CTC ACT GCT 
 535: T   D   P   D   E   E   K   I   N   H   R   I   P   H   R   F   V   A   F   S   N   L   T   A  
 
1837:AAT TGG TGC TGT CAC TGC GGT TAC CTA TTG CCA TTC GGA AAG AAA AAC TGC AGA AAA TGC AGC GAG TGT CAA 
 559: N   W   C   C   H   C   G   Y   L   L   P   F   G   K   K   N   C   R   K   C   S   E   C   Q  
 
1909:ATG GCG GCC CAT GCT GGC TGT GTA CAT CTG GTC CCT GAC TTT TGC GGT ATG TCG ATG GCT GTC GCG AAT CAA 
 583: M   A   A   H   A   G   C   V   H   L   V   P   D   F   C   G   M   S   M   A   V   A   N   Q  
 
1981:ATT CTC GAG GGT ATC AGG TCA CAG AAA CAA CGC CAG CAA AAG GCA AGC TCT ATG AGT GAC CGC ACG TTG CGC 
 607: I   L   E   G   I   R   S   Q   K   Q   R   Q   Q   K   A   S   S   M   S   D   R   T   L   R  
 
2053:AGT GGA AAA ATG AGC CCG CCT GGC TCC GGG CAT GCC TCA TCG GCA TCA TTC TCT CAG GGC ATG GGA TCA AGC 
 631: S   G   K   M   S   P   P   G   S   G   H   A   S   S   A   S   F   S   Q   G   M   G   S   S  
 
2125:TAC GGT CAG GCA TCT CCT GAA GCC ACG GAA GCT GCC AAA TTC ATG TAC TCT AGC CAA ACT TCA CCT CAG CGG 
 655: Y   G   Q   A   S   P   E   A   T   E   A   A   K   F   M   Y   S   S   Q   T   S   P   Q   R  
 
2197:ATC ACC TCC CCA GAC AGG ACA TCA AGC TCG TCA CAA GCT GCG GCT GCG GCA ACG GCT GCT ATG ACC GGT CTG 
 679: I   T   S   P   D   R   T   S   S   S   S   Q   A   A   A   A   A   T   A   A   M   T   G   L  
 
2269:CCG GGA GCC ATG TCT TCT CAG CCT GGA CGA CAA GGA CAG CAG CCA ATA ACT GAC TAC GGT TCG GCC AGC GGG 
 703: P   G   A   M   S   S   Q   P   G   R   Q   G   Q   Q   P   I   T   D   Y   G   A   S   G   G  
 
2341:GGT CGC TAT GGT TCG TAT GGT CCG CAC GAT GAT CCA TAC GCA CAG CCA CAG CAA TCG CCA CCG CCG CAA CAG 
 727: R   Y   G   S   Y   G   P   H   D   D   P   Y   A   Q   P   Q   Q   S   P   S   P   P   Q   Q  
 
2413:CAA GCG GCT TAC GGA CAG CCT CAG CAG CGA AAG TAC AAC CCC GCG GAC TAT GCC AAC ATC AGC GGG GGA TAC 
 751: Q   A   A   Y   G   Q   P   Q   Q   R   K   Y   N   P   A   D   Y   A   N   I   S   G   G   Y  
  
2485:GGC AGT CAG CCG CAG ATG GCT CAG CAA CCG CAG CAA GCT CGG CCC CAA CAG CAG CAG CAA CAG CCG TTG TAC 
 775: G   S   Q   P   Q   M   A   Q   Q   P   Q   Q   A   R   P   Q   Q   Q   Q   Q   Q   P   L   Y  
 
2557:TCT CCA CAG CAG CAC GCA TCC CAA GCT CAG CAA CCC CTG TCA CCT GTT AAG CAG CAG CAT CAG GAA CAA CAA 
 799: S   P   Q   Q   H   A   S   Q   A   Q   Q   P   L   S   P   V   K   Q   Q   H   Q   E   Q   Q  
 
2629:ATC ATC TCA CCG ACT GCA GGA ACC GTC ATT CCG ACA TCT GCG AAG AGG CCT CTT CCT TCA GCC ACG GAT CCT 
 823: I   I   S   P   T   A   G   T   V   I   P   T   S   A   K   R   P   L   P   S   A   T   D   P  
  
2701:GGT ACA GGC CAG CGT ATC GGG CTT GAC CAC TTC AAC TTC TTG GCT GTG CTT GGA AAG GGC AAT TTC GGC AAG 
 847: G   T   G   Q   R   I   G   L   D   H   F   N   F   L   A   V   L   G   K   G   N   F   G   K  
 
2773:GTC ATG CTT GCG GAA TCC AAG AAG ACT AGG AAA CTC TAT GCC ATC AAA GTC CTC AAG AAG GAG TTC ATT ATC 
 871: V   M   L   A   E   S   K   K   T   R   K   L   Y   A   I   K   V   L   K   K   E   F   I   I  
 
2845:GAG AAC GAC GAG GTT GAG AGC ATC CGC TCA GAG AAG CGG GTG TTC CTC ATC GCC AAC AGG GAA CGG CAT CCA 
 895: E   N   D   E   V   E   S   I   R   S   E   K   R   V   F   L   I   A   N   R   E   R   H   P  
 
2917:TTC CTC ACC AAC CTG CAC GCC TGT TTC CAG ACC GAG ACG CGT GTA TAC TTC GTG GAA GAA TAC ATT AGT GGT 
 919: F   L   T   N   L   H   A   C   F   Q   T   E   T   R   V   Y   F   V   E   E   Y   I   S   G  
 
2989:GGA GAT TTG ATG TTG CAC ATT CAA CGA GGA CAG TTC GGC ACC CGT AGG GCC CA gtaagtttacaaaaccacagtggc 
 943: G   D   L   M   L   H   I   Q   R   G   Q   F   G   T   R   R   A   Q                          
 
3066:ccctgccacaccgtgaaagttttcactgacactccgtag G TTC TAT GCT GCC GAA GTT TGC TTG GCT CTC AAG TAC TTC C 
 961:                                           F   Y   A   A   E   V   C   L   A   L   K   Y   F    
 
3146:AC GAG AAC GGT GTC ATC TAC CGT GAT CTC AAG CTC GAC AAC ATC CTT CTC ACT CTT GAC GGT CAC ATC AAG  
 974:H   E   N   G   V   I   Y   R   D   L   K   L   D   N   I   L   L   T   L   D   G   H   I   K   
 
3217:ATT GCC GAC TAT GGT CTT TGC AAG GAA GAC ATG TGG TAC GGC TCT ACC ACG AGC ACG TTC TGC GGT ACC CCC 
998:  I   A   D   Y   G   L   C   K   E   D   M   W   Y   G   S   T   T   S   T   F   C   G   T   P  
 
3289:GAG TTT ATG GCA CCA GAA gtaagcaaatatggtcccctagcttttgaccagtaactgacttgcgcgcgcag ATT TTG CTT GAC A 
1022: E   F   M   A   P   E                                                         I   L   L   D    
 
3373:AG AAG TAT GGC CGA GCA GTC GAC TGG TGG GCG TTT GGC GTT TTG ATC TAC CAG ATG CTT CTT CAG CAG TCG  
1032:K   K   Y   G   R   A   V   D   W   W   A   F   G   V   L   I   Y   Q   M   L   L   Q   Q   S   
 
3444:CCT TTC AGA GGT GAA GAC GAA GAT GAG ATC TAC GAC GCC ATT CTG GCG GAC GAG CCG CTG TAT CCT ATT CAC 
1056: P   F   R   G  E   D   E   D   E   I   Y   D   A   I   L   A   D   E   P   L   Y   P   I   H   
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3516:ATG CCG CGC GAC TCT GTT TCG ATC TTG CAG AAG CTG CTC ACC AGG GAA CCG GAC CAG CGT CTG GGA AGT GGC 
1080: M   P   R   D   S   V   S   I   L   Q   K   L   L   T   R   E   P   D   Q   R   L   G   S   G  
 
3588:CCG ACT GAT GCC CAG GAG GTC ATG TCG CAG CCC TTC TTC CGC AAC ATC GTC TGG GAT GAC ATC TAC CAC AAG 
1104: P   T   D   A   Q   E   V   M   S   Q   P   F   F   R   N   I   V   W   D   D   I   Y   H   K  
 
3660:CGC GTG GCG CCA CCG TTC CTG CCG CAG ATC AAG AGT GCC ACG GAC ACG AGT AAC TTT GAC TCA GAG TTT ACT 
1128: R   V   A   P   P   F   L   P   Q   I   K   S   A   T   D   T   S   N   F   D   S   E   F   T  
 
3732:AGT GTT ACG CCT GTC CTG ACG CCA GTC CAA TCA G gtaagtagccaaggccgtatgacgaactgctttgatatcagcaactaac 
1152: S   V   T   P   V   L   T   P   V   Q   S                                                      
 
3815:cagtatcttctcaata cag TT CTG TCC CAA GCG ATG CAG GAG GAG TTC CGC GGC TTT TCG TAC ACG GCA GAC TTT 
1163:                     V   L   S   Q   A   M   Q   E   E   F   R   G   F   S   Y   T   A   D   F  
 
3890:GAT TGA 
1182: D   * 
 
 
 
 
 
Figure 3.8  Nucleotide sequence and putative amino acid sequence of the M. oryzae PKC1 gene 
 
The DNA sequence of MGG_08689.5 was determined from the M. oryzae genome 
(http://www.broad.mit.edu/annotation/fungi/Magnaporthe/), (Dean et al., 2005).  The derived amino 
acids are listed below each codon using the standard one letter code.  Bases in lowercase letters 
represent introns.  Introns all followed GT-AG rule and contained consensus sequences associated 
with fungal introns (Gurr et al., 1987). 
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Figure 3.9  Southern blot analysis suggests that PKC1 is a single copy gene in M. oryzae 
 
Genomic DNA was digested with the restriction enzymes BamH I, EcoR I, Hind III and Pst I.  A 
Southern blot was probed with a 946 bp fragment of the PKC gene generated by PCR 
amplification..  A single hybridising restriction fragment was observed in each lane confirming that 
PKC1 is a single copy gene in M. oryzae, consistent with genome analysis. 
 
 
 
 
Lane Enzyme(s) 
1 BamH I 
2 EcoR I 
3 Hind III 
4 Pst I 
5 BamH I  +  EcoR I 
6 BamH I  +  Hind III 
7 BamH I  +  Pst I 
8 EcoR I  +  Hind III 
9 EcoR I  +  Pst I 
10 Hind III  +  Pst I  
1.3 kb 
1.4 kb 
1.8 kb 
1.9 kb 
5 kb 
6.2 kb 
>12 kb 
1 2 3 4 5 6 7 8 9 10 
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Figure 3.10  Alignment of the predicted amino acid sequence of PKC1 with fungal PKC-
encoding genes. 
 
The predicted amino acid sequence of M. oryzae Pkc1 was aligned with N. crassa Pkc1 
(XP_962251), A. nidulans Pkc1 (XP_657710), C. neoformans Pkc1 (XP_569656), S. cerevisiae 
Pkc1 (EDN64518) and H. sapiens PKC-epsilon type (NP_005391).  Sequences were aligned using 
ClustalW (Thompson et al., 1994).  Shading of the alignments was carried out using GeneDoc 
version 2.7.000 (K. B. Nicholas and H. B. Nicholas, 1997).  Residues with a black background are 
identical among all listed proteins and residues with a grey background are identical for at least 
50% of listed proteins. 
 
The conserved PKC domains are highlighted 
    Indicates the 3 conserved phosphorylation sites: 1) in the activation loop, 2) in the turn motif and 
3) in the hydrophobic motif 
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Figure 3.11  Phylogenetic analysis of PKC amino acid sequences from a range of organisms 
A maximum likelihood tree (Felsenstein, 1981) was constructed from amino acid sequences of a broad cross-section of 
PKC-encoding genes from diverse eukaryotes.  Tree topology ws tested by 1000 bootstrap re-sampling of the data.  
PKC1 was part of a clade of fungal-specific PKC-encoding genes with strong bootstrap support, within which the 
ascomycete-specific PKCs formed a single clade. 
 
Gallus gallus NP_990386 
Xenopus tropicalis Xetr212338 
 Xenopus tropicalis Xetr178082 
 
Homo sapiens AKT1 
 
Takifugu rubripes Taru558433 
Takifugu rubripes Taru712207 Takifugu rubripes Taru750592 
Takifugu rubripes Taru736938 
Gallus gallus XP_419544 
Homo sapiens AKT3 1 
Gallus gallus XP_422357 Trichoplax adhaerens Trad51134 
Homo sapiens PKN2 
Xenopus tropicalis Xetr398684 
Takifugu rubripes Taru737413 
Takifugu rubripes Taru594824 
Takifugu rubripes Taru597492 
Xenopus tropicalis Xetr340480 
Homo sapiens PKN1 2 
Homo sapiens PKN1 1 
Takifugu rubripes Taru603780 
 Lottia gigantea Logi09468  Trichoplax adhaerens Trad20881  Sclerotinia sclerotiorum SS1G 14026 Botrytis cinerea BC1G 07478 
 Chaetomium globosum CHG04131  Fusarium graminearum FGSG 09660 Neurospora crassa NCU06544 
Magnaporthe oryzae MGG 08689 
 Aspergillus nidulans AN0106 Coccidioides immitis CIMG 09206 
Uncinocarpus reesii UREG 05250 
 Mycosphaerella graminicola Mygr87605  Stagonospora nodorum SNU07073  Histoplasma capsulatum HCAG 02636  Schizosaccharomyces pombe PCK2  Schizosaccharomyces pombe PCK1  Pichia stipitis Pist81215  Candida albicans SC5314 Debaryomyces hansenii XP_462144 
Saccharomyces cerevisiae PKC1 
Candida glabrata XP_449751 
Ashbya gossypii NP_983593 
Yarrowia lipolytica XP_505220 
Sporobolomyces roseus Spro360 Cryptococcus neoformans CNAG 01845 
Puccinia graminis PGTG 12641 
Postia placenta Popl126101 
Phanerochaete chrysosporium Phch35284 
 Laccaria bicolor Labi309070 Coprinus cinereus CC1G 07190 
Rhizopus oryzae RO3G 11929 
Phycomyces blakesleeanus Phybl73263 
Phycomyces blakesleeanus Phybl19776 
 Rhizopus oryzae RO3G 14507 Phycomyces blakesleeanus Phybl59637 
Rhizopus oryzae RO3G 15031 
Rhizopus oryzae RO3G 06078 
Batrachochytrium dendrobatidis BDEG00430  
Homo sapiens PKC zeta 
  Gallus gallus XP_417561 
  Gallus gallus XP_422798 
  Takifugu rubripes Taru557740 
  Homo sapiens PKC iota  
  
Lottia gigantea Logi124219 
  Trichoplax adhaerens Trad57608 
  Trichoplax adhaerens Trad30067 
  Takifugu rubripes Taru709171 
  Homo sapiens PKC theta 
  Xenopus tropicalis Xetr305846 
  Takifugu rubripes Taru709742 
  Takifugu rubripes Taru559830 
  Gallus gallus XP_414256 
  Homo sapiens PKC delta 2 
  Homo sapiens PKC delta 1 
  Xenopus tropicalis Xetr271492 
  Lottia gigantea Logi116541 
  Lottia gigantea Logi211133 
  Trichoplax adhaerens Trad20496 
  Homo sapiens PKC gamma 
  Gallus gallus XP_415682 
  Homo sapiens PKC alpha 
  Takifugu rubripes Taru582438 
  Takifugu rubripes Taru741119 
  Homo sapiens PKC beta 2 
  Homo sapiens PKC beta 1 
  Gallus gallus XP_414868 
  Xenopus tropicalis Xetr311342 
  Takifugu rubripes Taru752724 
  Takifugu rubripes Taru574954 
  Takifugu rubripes Taru129623 
  Gallus gallus XP_421417  Homo sapiens PKC eta 
Xenopus tropicalis Xetr458196 
Takifugu rubripes Taru621588 
Gallus gallus XP_419464 
Homo sapiens AKT2 
Homo sapiens AKT3 2 
Homo sapiens PKC epsilon 
Takifugu rubripes Taru616854 
Takifugu rubripes Taru142412 
Lottia gigantea Logi127378 
997 
624 
749 
663 258 
680 
995 
999 
692 
891 
656 
377 
1000 
785 
919 
206 
1000 333 
637 
645 
563 78 
234 
85 
42 
455 
239 
535 
56 
433 
371 
432 
613 
998 
500 
359 
325 
314 
359 
373 
677 
572 
813 
819 
996 
892 
518 
236 
923 
990 
998 
642 
555 
857 1000 
763 
503 
802 
552 658 
993 916 
539 1000 
258 
304 
827 
545 
518 
888 
332 
368 
934 
691 
929 
848 648 
468 
764 
592 
432 865 860 
957 
589 
732 
842 742 
789 
487 
Chapter 3 
________________________________________________________________________________ 
 
78 
 
3.3.6 Construction of the PKC1:sGFP:trpC plasmid 
 
Advances in the use of green fluorescent protein (GFP) have facilitated investigation of the activity 
of Pkc1 in vivo within intact cells.  To determine the likely subcellular location of Pkc1 and the 
temporal and spatial pattern of PKC1 expression, a PKC1:GFP C-terminal gene fusion was 
constructed.  A 5.9 kb genomic fragment containing the PKC1 open reading frame (ORF), but 
excluding the translation stop codon, together with a 2 kb upstream region incorporating the 
promoter, was amplified by PCR using the primers PKC.GFP.F50 and PKC.GFP.R30.  The primers 
were modified with restriction sites (Table 3.1) to allow targeted insertion into the pMJK142.2 
vector (Kershaw et al., 1998), which contains a fungal codon-optimised synthetic allele of the GFP 
reporter gene, which encodes green fluorescent protein.  To ensure that the gene fusion was in-
frame with the translation start codon of the sGFP allele, it was necessary to incorporate an 
additional base into the 3' primer (see Figure 3.12a).  The amplicon was cloned into an intermediate 
vector, pCR 2.1-TOPO (Invitrogen), to give plasmid pTP140.  Positive clones were identified by 
digestion with the restriction enzymes EcoRI and NcoI at the unique restriction endonuclease 
recognition sequences introduced by the PCR reaction.  The restriction digest resulted in three 
fragments as shown in Figure 3.12b, because NcoI also cuts the cloning vector.  Digestion with 
EcoRI and NcoI released the genomic fragment which was then inserted into the EcoRI and NcoI 
linearised pMJK142.2 vector to give plasmid pTP200 (Figure 3.12c).  The sulfonylurea-resistant 
allele of the ILV1 acetolactate synthase-encoding gene of M. oryzae was employed as a selectable 
marker for fungal transformation (Sweigard et al., 1997).  Digestion with EcoRI released the ILV1 
gene from the plasmid pTPSUR and following gel purification, this fragment was cloned into the 
EcoRI site of pTP200 to give the PKC1:sGFP:trpC plasmid (Figure 3.12d).  Following DNA 
sequence analysis to confirm that the gene fusion was in-frame, the construct was introduced into 
Guy11, the wild type strain of M. oryzae.   
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Table 3.1  Oligonucleotide primers used in the construction of the PKC1:sGFP:trpC plasmid 
 
Primer name Sequence (5' – 3') 
Restriction 
site added 
PKC.GFP.F50 TAGAATTCCCAGGCTAGACTAGACTATG EcoRI 
PKC.GFP.R30 TACCATGGTATCAAAGTCTGCCGTGTA NcoI 
Additional base incorporated into primer to ensure inframe gene fusion is shown in blue 
 
Putative transformants were selected for resistance to chloromuron ethyl (100 µg ml-1).  Genomic 
DNA was isolated, as described in Section 2.3.1.  Digestion with ApaI was followed by 
fractionation by gel electrophoresis and the DNA was then transferred to Hybond-N (Amersham) 
and subsequently probed with a 1.5 kb sGFP:trpC fragment.  Southern blot analysis revealed 3 
transformants with a single integration of the PKC1:sGFP:trpC construct (Figure 3.13) and these 
were selected for further analysis. 
3.3.6.1 Expression and localisation of Pkc1-GFP during infection-related 
development of M. oryzae  
 
In order to investigate the subcellular location of Pkc1 and the temporal and spatial pattern of PKC1 
expression during appressorium formation, conidia expressing PKC1:sGFP were inoculated onto 
borosilicate coverslips and incubated at 24 ºC.  Examination by epifluorescence microscopy was 
carried out at 0, 4, 6 and 24 hours from incubation.  GFP fluorescence was consistently detected, 
revealing that Pkc1 is expressed during conidial germination and appressorium development and it 
is predominantly located in the cytoplasm (Figure 3.14). 
 
 
 
 
Chapter 3 
________________________________________________________________________________ 
 
80 
PKC1 (5.9 kb) 
PKC1 (5.9 kb) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.12  Construction of the PKC1:sGFP C-terminal gene fusion vector 
 
a) A 5.9 kb genomic fragment containing the PKC1 coding region and 2 kb of upstream promoter sequence was 
amplified with primers modified to ensure the gene fusion was in-frame (additional base shown underlined).  b) The 
fragment was ligated into pCR 2.1-TOPO to give pTP140 and positive clones were identified by restriction digest with 
EcoRI and NcoI, resulting in liberation of the 5.9 kb fragment from the 3.9 kb TA cloning vector.  The fragment was 
then inserted into the EcoRI and NcoI digested pMJK142.2 plasmid, which contains a synthetic allele of the GFP 
reporter gene, to give pTP200.  c)  The 2.8 kb ILV1 selectable marker was released from the pTPSUR plasmid by 
restriction digest with EcoRI and inserted into the EcoRI site within pTP200.  d)  Positive clones were identified by 
restriction digest with EcoRI.  Lane 1 contains the ILV1 insert, lane 2 the linearised pTP200 vector and lane 3 the EcoRI 
digested PKC1:sGFP:trpC vector. 
 
                   C C A T G G * * * 
A T G T G C C G T C T G A A A C T A T G G T A C C 5' 3' 
PKC.GFP.R30 
PKC1 Promoter and ORF (2 kb +3.9 kb) 
 
PKC.GFP.F50 
1 (1) 
 
5.9 kb 
pTP140 
(9.8 kb) 
Ec
oR
 I 
N
co
 I 
1878 1 3931 
pCR 2.1-TOPO 
N
co
 I 
PKC1 Promoter and ORF 
 
Ec
oR
I 
N
co
I 
5.9 kb 
pTP140 
 
5.9 kb 
2.3 kb 
1.6 kb 
4.4 kb 
 
pMJK142.2 
pTP200 
(10.3 kb) ILVI 
 
Ec
oR
I 
Ec
oR
I 
EcoRI 
NcoI 
10.3 kb 
2.8 kb 
 
ILVI PKC1 Promoter and ORF GFP:trpC 
Ec
oR
 I 
Ec
oR
 I 
 
10.3 kb 
2.8 kb 
1 2 3 
10.3 kb 2.8 kb 
Primer – PKC.GFP.R30 
Start codon of sGFP  
a) 
b) 
c) pT
P2
00
 
pT
PS
U
R
 
7 kb 
d) 
2.8 kb 
GFP 
Chapter 3 
________________________________________________________________________________ 
 
81 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.13  Southern blot analysis of putative PKC1:sGFP:trpC transformants 
 
Genomic DNA isolated from sulfonylurea resistant transformants was digested with the restriction 
enzyme Apa I, fractionated by agarose gel electrophoresis and blotted to Hybond-N.  The Southern 
blot was probed with a 1.5 kb GFP:trpC fragment generated by PCR amplification.  Transformants 
2, 3 and 5, containing single copy ectopic insertions, were subsequently examined by 
epifluorescence microscopy for GFP expression. 
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Figure 3.14  PKC1 is expressed during appressorium development and the Pkc1 gene product 
is cytoplasmically localised 
 
Conidia expressing PKC1:GFP were incubated on an unyielding surface (plastic coverslip) and 
were examined by epifluorescence microscopy at 0, 4, 6 and 24 hpi.  Representative bright-field 
(differential interference contrast (DIC)) and fluorescence images at each time point are shown.  
Scale bar =10 µm. 
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3.4 Discussion 
 
Pharmacological investigations strongly suggest that PKC1 may be important in morphogenesis.  
Cell permeable inhibitors are able to rapidly suppress cellular activity of the kinase and have been 
widely used to analyse the functions of specific PKC isozymes.  Inhibitor studies provide a useful 
complementary tool in determining the function of a kinase but they are undertaken in the 
knowledge of their inherent limitations, particularly with respect to specificity.  All the inhibitors 
employed in this study, whilst highly selective for PKC, may inhibit other kinases at high 
concentrations.  However, as chemical inhibition of PKC1 activity was carried out with inhibitors 
that were structurally unrelated but the observed effects were identical, this strongly supports a role 
for PKC1 in conidial germination and appressorium formation and possibly pathogenicity.  The 
inhibitor studies suggest that Pkc activity is required in the early stages of development and no 
inhibitory effect was observed when the chemicals were added 6 hours post-incubation.  This is 
interesting because by this stage M. oryzae germlings are committed to appressorium 
differentiation, a process for which entry into mitosis is a prerequisite (Veneault-Fourrey et al., 
2006, Saunders et al., 2010) and may therefore indicate a role for Pkc1 in cell cycle regulation.   
 
We identified a single putative PKC1-encoding gene, which shared 59% amino acid identity with 
Pkc1 of S. cerevisiae.  Comparison of the amino acid sequence with other known fungal PKCs 
revealed that the M. oryzae PKC1-encoding gene contains all the features that are conserved in 
fungal PKCs.  All PKC isoforms have a highly conserved serine/threonine kinase domain, which 
contains the ATP-binding site.  Fungal PKCs have a unique extended regulatory domain, which 
contains several sub-regions characteristic of all PKC isoforms, including the lipid-binding, C1 and 
C2 domains and the pseudosubstrate region which maintains the kinase in an inactive conformation.  
M. oryzae PKC1 contains all additional regions, which define fungal PKCs including two HR1 
regions, a hinge region, which is longer than in other classes of PKCs and a region rich in 
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gluatamine, alanine and proline residues.  The C2 domain of fungal PKCs lacks calcium-binding 
sites and precedes the C1 domains so the fungal PKCs appear to be more closely related to the 
novel PKCs.  However, phylogenetic analysis suggests the fungal PKCs form a distinct group.  
Homology between M. oryzae Pkc1 and known fungal PKCs provides evidence that PKC1 encodes 
a protein kinase C homologue. 
 
In order to determine the expression and localisation of Pkc1 during the infection-related 
development of M. oryzae we generated a Pkc1-GFP gene fusion.  Analysis of conidia expressing 
the PKC1:GFP gene fusion by microscopy revealed that PKC1 is constitutively expressed and is 
cytoplasmically located.  This is consistent with the evidence from mammalian studies which show 
PKC resides in the cytoplasm and is translocated to its target upon activation.  In studies with N. 
crassa PKC has been shown to localise to growing tips and the sub-apical plasma membrane in 
actively growing hyphae and was also observed in the septum at various stages of development 
(Khatun & Lakin-Thomas, 2010).  In contrast, no such specific localisation was observed in M. 
oryzae but this may be due to the use of the endogenous promoter for expression of the fusion 
protein whereas the N. crassa study employed an over-expression promoter to enhance visualisation 
by microscopy.  In the absence of an M. oryzae Δpkc1 mutant (see Chapter 4) we were unable to 
use complementation to confirm that the Pkc1-GFP fusion protein was functional. 
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4 Functional analysis of PKC1 
4.1 Introduction 
 
Conventionally, functional analysis of fungal genes is conducted using a reverse genetics approach; 
targeted deletion of the gene of interest followed by analysis of the phenotypic effects.  In order to 
test whether PKC1 is essential for viability in M. oryzae, an attempt was made to replace the open 
reading frame of the gene with a selectable marker; no recovery of the mutant would strongly imply 
an essential function.  This strategy was attempted in the knowledge that all previous attempts to 
generate PKC1 gene replacement mutants in filamentous fungi, such as the Southern corn leaf 
blight fungus, Cochliobolus heterostrophus (Oeser, 1998) and Aspergillus nidulans (Herrmann et 
al., 2006) have been unsuccessful. 
 
To investigate PKC1 gene function, it was decided to attempt down-regulation of the expression of 
PKC1 using RNA-mediated gene silencing.  Gene silencing is a generic term encompassing co-
suppression or post-transcriptional gene silencing (PTGS) in plants, RNA interference (RNAi) in 
mammals and quelling in fungi (for reviews see Carthew, 2001, Agrawal et al., 2003, Nakayashiki, 
2005, Dorokhov, 2007, Perrimon et al., 2010).  RNA gene silencing is now recognised as an 
intrinsic cellular defence mechanism that is used against invasive nucleic acids in eukaryotes 
(Matzke et al., 2000), but which was discovered by chance.  Transgenic copies of genes involved in 
flower pigmentation introduced into petunia plants with the intention of over-expressing the genes, 
were found to have the opposite effect (Van der Krol et al., 1990, Napoli et al., 1990).  Since the 
discovery of a similar gene silencing phenomenon in the pink bread mould fungus Neurospora 
crassa (Romano & Macino, 1992), the mechanism has been exploited to allow targeting of specific 
fungal genes at the post-transcriptional level.  Induction of the RNAi pathway has, for instance, 
been previously employed successfully in filamentous fungi, including M. oryzae (Kadotani et al., 
2003, Goldoni et al., 2004, Nakayashiki et al., 2005b, Yamada et al., 2007).   
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Genetic and biochemical studies undertaken in recent years have made great strides in our 
understanding of the mechanism and nature of RNAi-mediated gene silencing.  A gene of interest is 
silenced by direct introduction of a double-stranded RNA (dsRNA) homologous to the endogenous 
gene and dsRNA has been demonstrated to be substantially more effective at producing interference 
than either the sense or antisense strand individually (Fire et al., 1998).  The mechanism, illustrated 
in Figure 4.1, is believed to involve cleavage of long dsRNA molecules into duplexes of 21-26 
nucleotides called small interfering RNAs (siRNAs).  These siRNAs are then incorporated into a 
ribonucleoprotein complex, called the RNA-induced silencing complex (RISC), where they act as 
guides for recognition and degradation of homologous mRNAs through complementary base 
pairing (Zamore et al., 2000).  A number of the cellular components of the RNAi machinery have 
been identified and genetic analysis has revealed that RNA silencing shares an evolutionarily 
conserved machinery in a broad range of organisms (Cogoni & Macino, 2000).  The principal 
protein components appear to be Argonaute, which forms the core of the RISC, Dicer-like proteins, 
which produce small RNAs and RNA-dependent RNA polymerase-like (RdRP) proteins, which 
appear to amplify the silencing effect.  Although orthologues of these proteins are found in most 
eukaryotes, the numbers of the silencing proteins, even within fungal species, appear to vary 
considerably (Tomari & Zamore, 2005, Nakayashiki et al., 2006). 
 
For effective gene silencing an efficient means of delivery of the silencing trigger is required and a 
number of methods have been employed, which are dependent on the target organism (some 
examples are provided in Table 4.1).  RNA mediated gene silencing in fungi is initiated through the 
synthesis of dsRNA in vivo from a DNA template that is introduced into the fungus on a plasmid.  
RNAi efficiency is not influenced by the location of the fragment used to construct the silencing 
vector within the coding sequence but the length of the encoded dsRNA is important because 
dsRNAs of 400 nt have been found to be more effective than shorter fragments (Hammond et al., 
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2000, Tanguay et al., 2006).  There are two types of vector available for the introduction of dsRNA 
into fungi: the opposing-dual promoter system and hairpin-expression vectors (Nakayashiki & 
Nguyen, 2008).  Both systems have been successfully used in M. oryzae, but the former, whilst 
requiring fewer cloning steps, shows a reduced efficiency of gene silencing (Nguyen et al., 2008).  
For this study, we employed the silencing vector pSilent-1 (Nakayashiki et al., 2005b), which 
facilitates introduction of a hairpin dsRNA into the fungus.  The vector carries a hygromycin B 
resistance gene cassette for selection of transformants and multiple cloning sites, either side of a 
spacer, which includes an intron sequence from the CUT1 gene of M. oryzae, to allow directional 
insertion of cloned gene fragments. 
 
Table 4.1  Table to show diverse species in which RNAi has been used. 
 
Kingdom Species Delivery of RNAi trigger Reference 
Fungi Aspergillus fumigatus Transgene Mouyna et al., 2004 
Fungi Cryptococcus neoformans Transgene Liu et al., 2002 
Invertebrates Caenorhabditis elegans Ingestion Timmons & Fire, 1998 
Invertebrates Caenorhabditis elegans Soaking Tabara et al., 1998 
Invertebrates Drosophila melanogaster Injection Caplen et al., 2001, Kennerdell & 
Carthew, 1998 
Plants Nicotiana benthamiana Transgene Hamilton & Baulcombe, 1999 
Protozoans Paramecium Transfection 
Feeding 
Bastin et al., 2001 
Fungi Aspergillus nidulans Culture medium Khatri & Rajam, 2007 
 
Gene silencing can be carried out in a controlled manner if expression of the dsRNA is driven by an 
inducible promoter system.  There are challenges associated with this strategy, including the small 
number of potential inducible promoters available for use in M. oryzae.  Chemicals that have been 
used to regulate transgene expression in animals and plants include the antibiotic tetracycline, the 
steroid oestradiol and the alcohol methanol but an inducible system that works in fungi has been 
difficult to find.  For the purpose of this study the pSilent-1 vector was modified by introduction of 
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the ICL1 promoter from M. oryzae to replace the constitutive Aspergillus nidulans trpC promoter.  
ICL1 encodes isocitrate lyase, an enzyme of the glyoxylate cycle and its expression is induced in 
the presence of acetate as sole carbon source but is repressed when the fungus is grown in glucose-
rich medium (Wang et al., 2003). 
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Inverted repeat sequences of DNA from the target gene serve as the template for in vivo transcription of dsRNA and are 
aligned either side of a spacer sequence 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1  Simplified schematic representation of the proposed method for hairpin RNA-
mediated gene silencing. 
 
Long dsRNA molecules are cleaved into duplexes of 21-26 nucleotides called small interfering 
RNAs (siRNAs).  These siRNAs are then incorporated into a ribonucleoprotein complex, called the 
RNA-induced silencing complex (RISC), where they act as guides for recognition and degradation 
of homologous mRNAs through complementary base pairing. 
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4.2 Materials and Methods 
4.2.1 Comparative quantitative real-time-PCR 
 
Mycelium was harvested and total RNA was extracted as described in section 2.3.6.  Following 
treatment with DNase1 (Invitrogen) to remove any contaminating DNA, first strand cDNA was 
generated by reverse transcription.  Three separate reactions were pooled to minimize potential 
variation arising from the efficiency of reverse transcription reaction of any one sample.  Real-time 
quantitative PCR was performed using a MxPro-Mx3005P system (Stratagene) using SYBR green 
I.  Reaction mixtures were prepared as follows: 12.5 µl of brilliant SYBR Green I master mix, 12.5 
ng cDNA, primers and nuclease-free water to a final volume of 25 µl.  Primers were designed to 
amplify a fragment of between 150 and 250 nt and added to the reaction mixture to a final 
concentration of 150 nM.  Reaction mixtures were centrifuged at 1000 x g for 45 s to eliminate air 
bubbles before loading on to 96-well plate.  The thermal profile included an activation step, of 95 
ºC for 10 min, followed by 40 cycles of amplification.  Cycling conditions consisted of denaturation 
at 95 ºC for 30 s, annealing at 56 ºC for 60 s and extension at 72 ºC for 30 s.  Following 
amplification, a dissociation curve was generated to allow differentiation between specific and non-
specific amplicons (Figure 4.2a).  The TUB2 β-tubulin-encoding gene from M. oryzae was used in 
the assay as a normaliser to eliminate or compensate for any effect that might result from the 
technique.  Reactions were prepared with three technical replicates per sample and experiments 
were routinely performed three times from different biological material.  Standard curves were 
generated to establish actual amplification efficiency values for both the gene of interest and the 
normaliser (Figure 4.2b).  The fluorescent signal was measured while amplification was still 
progressing (real-time) and data were collected for each sample during each PCR cycle.  The Ct or 
threshold cycle is defined as the cycle at which fluorescence is determined to be statistically 
significant above background and is used to generate relative comparisons of the change in template 
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(1 + EGOI)ΔCtGOI 
(1 + Enorm)ΔCtnorm 
concentration among different samples.  The software employs an efficiency-corrected 
enhancement of the 2-ΔΔCt method (Livak & Schmittgen, 2001) for comparative comparison.   
 
Relative quantity to the calibrator = 
 
 
where   
EGOI = efficiency of the target assay 
Enorm = efficiency of the normaliser assay 
ΔCt = (Ctcalibrator – Ctunknown) 
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Figure 4.2  Dissociation and standard curves for primers used for qrt-PCR analysis of PKC1 
in M. oryzae 
 
a)  Following amplification, the PCR products were slowly melted; fluorescence intensity decreases 
as the DNA melts.  This plot shows the melt data as the negative first derivative of fluorescence vs 
temperature.  Melting temperature is determined by the length and sequence of the DNA molecule 
so a sharp peak at the melting temperature of the amplicon indicates that the products were specific.  
b)  Standard curves were generated to establish amplification efficiency values for both the gene of 
interest (PKC1) and the normaliser (TUB2). 
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4.3 Results 
4.3.1 Generation of the Δpkc1 gene replacement vector 
 
Targeted gene replacement of PKC1 was attempted using a PCR-based, split-marker deletion 
method (Yu et al., 2004), as illustrated in Figure 4.3a.  Gene-specific primers were designed to 
allow gene coding sequence amplification of 1 kb fragments fom the 5' and 3' flanks of the PKC1 
open reading frame (ORF) (Table 4.2).  The primers for the 5' and 3' inner flanks were each 
designed to include an extension that was complementary to the ends of a fragment of the the 
hygromycin phosphotransferase gene cassette (Hph), to facilitate the fusion of the PKC1 flanking 
sequence and the selectable marker gene.  In a second round of PCR, two constructs were formed, 
each containing a 1 kb flank of the PKC1 gene and an overlapping region of the Hph cassette.  This 
construct was then transformed into the Δku70 strain of M. oryzae, which lacks the non-
homologous DNA end-joining pathway (Krappmann et al., 2006), thereby ensuring that DNA could 
only be integrated by homologous recombination (Kershaw & Talbot, 2009) 
 
Table 4.2  Oligonucleotide primers used in the targeted deletion of PKC1 
 
Primer name Sequence (5' – 3') 
Mgg08689.5(1) GTTACCTGCTGTCTGTCAAAAG 
Mgg08689.5(2) GTCGTGACTGGGAAAACCCTGGCGTTTTGGAAGCCTGTCTCG 
Mgg08689.5(3) TCCTGTGTGAAATTGTTATCCGCTGTCCTGACGCCAGTCCAAT 
Mgg08689.5(4) GATGGATGAGGTCAAGCAGGAG 
HY split GGATGCCTCCGCTCGAAGTA 
YG split CGTTGCAAGACCTGCCTGAA 
M13F CGCCAGGGTTTTCCCAGTCACGAC 
M13R AGCGGATAACAATTTCACACAGGA 
The reverse complement of M13 forward and reverse sequences, used with HY split and YG split 
respectively, are shown underlined 
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4.3.1.1 Analysis of putative Δpkc1 transformants 
 
Putative transformants were selected based on their resistance to hygromycin B (200 µg ml-1).  Two 
putative transformants were obtained following five fungal transformations.  DNA was isolated and 
digested with XbaI.  Following fractionation by gel electrophoresis, the DNA was transferred to 
Hybond-N (Amersham) and subsequently probed with a 1 kb fragment from the PKC1 locus.  
Southern blot analysis revealed that neither transformant contained a correctly targeted gene 
deletion (Figure 4.3b).  Failure to recover any Δpkc1 transformants from five independent 
experiments is consistent with PKC1 serving an essential function in M. oryzae. 
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Figure 4.3  A schematic representation of the targeted deletion of PKC1 by the split-marker 
deletion method 
 
a) i) PCR amplification of the 5' and 3' flanks of the PKC1 open reading frame (ORF) was carried 
out with primers for the 5' and 3' inner flanks designed to include an extension complementary to 
the tail of a fragment of the selectable marker, the hygromycin phosphotransferase cassette (HYG). 
ii) In a second round of PCR, the flanks of PKC1 were fused with overlapping marker fragments, 
HY and YG, of the hygromycin phosphotransferase cassette.  iii) Homologous recombination 
between the flanking regions and chromosomal DNA and between the overlapping regions of the 
hygromycin phosphotransferase cassette should result in a targeted deletion. 
b) Genomic DNA from the 2 hygromycin resistant transformants was restriction digested with Xba 
I, fractionated by gel electrophoresis and transferred to Hybond-N.  The Southern blot was 
subsequently probed with a 1 kb fragment from the PKC1 locus.  The presence of a hybridising 
fragment in both transformants shows that neither contained a correctly targeted deletion. 
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4.3.2 Construction of the ICL1p:pkc1s conditional gene silencing vector  
 
RNA-mediated gene silencing provides an alternative approach to allow functional characterisation 
of fungal genes and because this method causes a reduction in gene expression rather than a 
complete loss of gene function, it can be used in the study of essential genes.  For this strategy, we 
employed a silencing vector pSilent-1 (Nakayashiki et al., 2005a), which carries a transcriptional 
unit for expression of a double-stranded hairpin RNA.  RNA-mediated gene silencing takes place in 
a sequence specific manner and a 1 kb fragment of the PKC1-encoding gene was therefore 
amplified from M. oryzae genomic DNA with primers modified by addition of restriction sites to 
allow insertion into the pSilent-1 vector in both sense and antisense orientations (Table 4.3).  To 
enable substitution of the ICLI promoter for the constitutive TrpC promoter present in the pSilent-1 
vector, the ICLI promoter was also amplified and modified by addition of novel restriction sites.  
All the components were gel-purified and ligated independently into an intermediate vector, pGEM-
T (Promega).  The plasmids containing the sense strand, the antisense strand and the ICLI promoter 
were named pTP100, pTP110 and pTP130, respectively. 
 
Two PKC1 gene fragments, PKC1sense and PKC1antisense were then cloned sequentially on either side 
of the intron.  Firstly, pSilent-1 and pTP100 were digested with the restriction enzymes SnaBI and 
HindIII (Figure 4.4, i).  The digests were separated by gel electrophoresis and the 1 kb SnaBI-
HindIII PKC1 gene fragment was ligated into the corresponding restriction sites of pSilent-1.  
Positive clones were identified by digestion with restriction enzymes SnaBI and HindIII at the 
unique restriction endonuclease recognition sequences introduced by the PCR reaction.  The desired 
fragment sizes were 6.9 kb and 1 kb (the 3 kb fragment representing the pGEM-T vector).  The 
resulting plasmid, pTPPS, and pTP110, were then digested with the restriction enzymes BglII and 
ApaI (Figure 4.4, ii).  The digests were separated by gel electrophoresis and the expected fragment 
sizes were 7.9 kb and 1 kb.  The 1 kb PKC1antisense BglII and ApaI fragment was excised from 
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pGEM-T and then ligated into the corresponding restriction sites of the plasmid pTPPS to give 
plasmid pTPPSA_trpC as shown in Figure 4.4, iii.  Positive clones were identified by digestion with 
the restriction enzymes BglII and ApaI. 
 
To replace the constitutive Aspergillus nidulans trpC promoter with the ICLI promoter from M. 
oryzae, the plasmids pTPPSA_trpC and pTP130 were both digested with SpeI and SnaBI as shown 
in Figure 4.4, iii.  The digests were separated by gel electrophoresis and the desired fragment sizes 
were 7.6 kb, 1.3 kb and 1.5 kb.  The 7.6 kb fragment represented the pSilent-1 vector following 
insertion of a 1 kb fragment of PKC1 in both sense and antisense orientations and excision of the 
trpC promoter as a 1.3 kb fragment.  The 1.5 kb SpeI-SnaBI ICLI promoter fragment was then 
ligated into the corresponding restriction sites of the 7.6 kb vector.  Positive clones were identified 
by digestion with the restriction enzymes SpeI and SnaBI. 
 
Insertion of the components into the pSilent-1 vector was confirmed by diagnostic restriction 
digests, as shown in Figure 4.5.  The ICLIp:pkc1s conditional gene silencing vector was then 
transformed into the Guy11 strain of M. oryzae. 
 
Table 4.3  Oligonucleotide primers used in the construction of the ICLIp:pkc1s conditional 
gene silencing vector 
 
Primer name Sequence (5' – 3') 
Restriction 
site added 
PKC_SnaBI GCTACGTAGAAGCCCCTTACCGGTCAATTATC SnaBI 
PKC_HindIII GCAAGCTTTTGACACTCGCTGCATTTTCTGCA HindIII 
PKC_ApaI TAGGGCCCGAAGCCCCTTACCGGTCAATTATC ApaI 
PKC_BglII GCAGATCTTTGACACTCGCTGCATTTTCTGCA BglII 
ICLI_SpeI GCACTAGTGAATTCGTCCAGTAATCAAAGGCA SpeI 
ICLI_SnaBI GCTACGTACTCGGGAATATGGTTCTTACGACA SnaBI 
Restriction sites are shown underlined 
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Figure 4.4  Schematic representation of the construction of the ICL1p:pkc1s conditional gene 
silencing vector 
 
A 1 kb fragment of the PKC1-encoding gene was amplified from M. oryzae genomic DNA with 
primers modified with restriction sites to allow insertion into the pSilent-1 vector in both the sense 
and antisense orientations.  The ICL1 promoter was also amplified and all the components, the 
sense strand, antisense strand and the ICL1 promoter, were ligated into an independent vector to 
give plasmids pTP100, pTP110 and pTP130, respectively.  i)  For insertion of the PKC1 gene 
fragment in the sense orientation, pTP100 and the 6.9 kb pSilent-1 vector were digested with the 
restriction enzymes SnaBI and HindIII to release the gene fragment and linearise the vector, 
respectively.  The PKC1 gene fragment was then ligated into the pSilent-1 vector.  ii)  The resulting 
7.9 kb vector, pTPPS, and the plasmid containing the antisense PKC1 gene fragment, pTP110, were 
digested with BglII and ApaI, which released the gene fragment and opened the vector to allow 
insertion of the gene fragment giving the 8.9 kb pTPPSA_trpC.  iii)  The constitutive trpC promoter 
was replaced with the promoter from ICL1.  The plasmids pTPPSA_trpC and pTP130 were digested 
with SpeI and SnaBI, which excised the trpC promoter from the gene silencing vector and released 
the ICL1 promoter.  The 1.5 kb SpeI/SnaBI ICL1 promoter fragment was then ligated into the 
corresponding restriction sites of the vector, resulting in the 9.1 kb ICL1p:pkc1s conditional gene 
silencing vector. 
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Lane Restriction Enzymes 
Size of 
fragments 
1 ApaI 9.1 kb 
2 SpeI 9.1 kb 
3 SnaBI + ApaI 2.2 kb, 6.9 kb 
4 SpeI + ApaI 3.7 kb, 5.4 kb 
5 SpeI + HindIII 1.4 kb, 1.1 kb, 
6.6 kb 
HindIII cuts the ICL1 promoter 
 
 
 
 
 
Figure 4.5  Confirmation of the ICL1p:pkc1s conditional gene silencing vector by diagnostic 
digests 
 
a)  A schematic representation of the transcriptional unit for hairpin RNA expression in the 
conditional silencing vector ICL1p:pkc1s.  b)  Insertion of the components into the pSilent-1 vector 
was confirmed by diagnostic restriction digests, details as listed.  
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4.3.2.1 Analysis of putative transformants containing the ICL1p:pkc1s 
conditional gene silencing vector 
 
A total of forty-nine putative transformants were selected based on resistance to hygromycin B and 
cultured on cellophane-covered CM agar plates to allow rapid DNA extraction.  To confirm the 
presence of the hairpin dsRNA expressing construct, DNA was isolated and digested with SpeI and 
ApaI.  Following fractionation by gel electrophoresis, DNA was transferred to Hybond-N 
(Amersham) and subsequently probed with the 1 kb PKC1antisense fragment used in construction of 
the gene silencing plasmid.  The probe hybridised to a 3.7 kb fragment representing the 
transcriptional unit for PKC1 hairpin RNA expression (the promoter and inversely oriented PKC1 
gene fragments) and a 5 kb fragment, which corresponded to hybridisation to the endogenous gene 
locus (Figure 4.6).  
 
4.3.2.2 Random insertion of the ICL1p:pkc1s conditional gene silencing vector 
results in variation in colony morphology 
 
To induce PKC1 gene silencing, transformants were sub-cultured onto minimal medium containing 
acetate (55mM) as sole carbon source (MMA).  Of the transformants screened, 78% revealed a 
phenotype that was distinct from that observed in the wild type strain Guy11 under the same 
conditions, with colonies having a distinct brown pigmentation compared to the grey/green 
colouring of the wild type (see Figure 4.7).  The colonies varied in the degree of pigmentation and 
their growth rate. This may be due to copy number and/or the random insertion of the gene 
silencing vector into the fungus.  Four transformants, PS2, PS5, PS6 and PS21, were selected for 
further analysis.   
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Figure 4.6  Southern blot analysis of potential pkc1s transformants 
 
Insertion of the transcriptional unit for PKC1 hairpin RNA expression was confirmed by Southern 
blot analysis.  Genomic DNA from transformants resistant to hygromycin were digested with SpeI 
and ApaI.  Following fractionation by gel electrophoresis, the DNA was transferred to Hybond-N 
and subsequently probed with the 1 kb PKC1antisense fragment used in the construction of the gene 
silencing plasmid.  The probe hybridised to a 3.7 kb fragment representing the transcriptional unit 
for PKC1 hairpin RNA expression and a 5 kb fragment which corresponds to hybridisation to the 
endogenous gene locus. 
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Figure 4.7  Random insertion of the ICL1p:pkc1s conditional gene silencing vector results in 
variation in colony morphology 
 
ICL1 expression was induced in the presence of acetate (55 mM) as sole carbon source.  
Transformants carrying the silencing vector (pkc1s) were subcultured onto minimal growth medium 
containing sodium acetate and incubated at 24 ºC for 12 days.   
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4.3.2.3 The promoter of the isocitrate lyase-encoding gene is leaky  
 
An ICL1(p):sGFP expressing plasmid was used to test the efficacy of the ICL1 promoter (Wang et 
al., 2003).  CM agar was pipetted onto a glass microscope slide and allowed to set.  A plug of agar 
6 mm in diameter was then removed with a cork borer and a plug of mycelium inoculated onto the 
edge of the medium and allowed to grow across the slide.  After 48 h the hyphae were observed by 
epifluorescence microscopy (Figure 4.8a).  Conidia from 12-day old cultures were harvested in 
sterile water and 50 µl droplets of the spore inoculum was prepared at a concentration of 1 X 105 
spores ml-1 and applied to borosilicate glass cover-slips before incubation at 24 ºC in a moist 
chamber.  Conidial germination and development of appressoria was observed by epifluorescence 
microscopy (Figure 4.8b).  ICL1 is known to be expressed during appressorium formation (Wang et 
al., 2003) but GFP fluorescence was also observed in mycelium cultured on CM agar and in conidia 
before germination had occurred.  Although the ICL1 promoter appears to be leaky, it is controlled 
tightly enough to maintain the wild-type phenotype under repressive conditions, as shown in Figure 
4.12. 
4.3.2.4 Conditional expression of ICL1p:pkc1s results in a reduction in 
expression of PKC1 mRNA 
 
To determine if there was a correlation between the observed change in phenotype and the levels of 
PKC1 expression, we examined PKC1 mRNA accumulation.  Total RNA was extracted (as 
described in Section 2.3.6) from transformants grown either in liquid CM for 48 h or from 
transformants grown for an additional 24 h in MMA.  Following fractionation by gel 
electrophoresis, the RNA was transferred to Hybond-N (Amersham) and subsequently probed with 
a 1 kb fragment of PKC1, the sequence of which is located downstream (3') of the fragment used in 
the construction of the gene silencing vector.  Northern blot analysis showed lower levels of the 
PKC1 transcript in the silenced transformants as shown in Figure 4.9.  We therefore carried out 
real-time quantitative RT-PCR in order to provide an independent analysis of transcript abundance. 
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Analysis by real-time reverse transcription polymerase chain reaction (real-time RT-PCR) was 
employed to confirm the reduction in PKC1 mRNA levels.  A comparative quantitation experiment 
using oligonucleotide primers listed in Table 4.4 was carried out with RNA extracted from the 
mycelium grown in CM culture medium (repressing conditions) as the sample of reference or 
calibrator.  Expression levels of PKC1 following the induction of silencing were then determined 
relative to the expression level in the calibrator, which is defined as 1X.  The data were analysed 
using the Mx3005P Real-Time PCR system (Stratagene) software which employs the 2-ΔΔCt relative 
quantification method.  Initial investigations were conducted using RNA extracted within 24 h of 
the induction of silencing.  The results were inconsistent with large error bars, so it was decided to 
carry out a time-course of PKC1 expression.  Mycelium was harvested 12, 24, 36, 48, 72, 96, 120 
and 144 h after induction of gene silencing.  This revealed an initial decrease followed by an 
increase in PKC1 mRNA within the first 24 h, whilst expression of the housekeeping gene 
remained constant (Figure 4.10).  This suggests that the cell initially responds to the silencing of 
PKC1 by increased transcription but by 36 h silencing is achieved more consistently and durably.  
The measurements from 96 h were disregarded because levels of the house-keeping gene were also 
in decline, indicating that the fungus was losing viability.  After 48 h all four transformants showed 
a significant reduction in PKC1 levels (Figure 4.11).  The degree of silencing observed in the 
transformants varied with an efficiency of between 20 and 58% based on relative quantity compared 
to the control. 
 
Table 4.4  Oligonucleotide primers used for QRT-PCR analysis of PKC1 
 
Primer Name Sequence (5' -3') 
PKC_rtpcrF50.1 AAGCTCTATGAGTGACCGCACGTT 
PKC_rtpcrR30.1 AGGTGATCCGCTGAGGTGAAGTTT 
QRT.PCR.BTubF CGCGGCCTCAAGATGTCGT 
QRT.PCR.BTubR GCCTCCTCCTCGTACTCCTCTTCC 
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Figure 4.8  The promoter of the isocitrate lyase-encoding gene is leaky 
 
a) A plug of mycelium from a M. oryzae strain expressing ICL1p:GFP was inoculated onto the 
edge of CM agar set on a microscope slide.  After 48 h the hyphae were observed by 
epifluorescence microscopy.  b) Conidia from 12-day old cultures were harvested in sterile water 
and the suspension was applied to borosilicate glass cover-slips.  After incubation in a moist 
chamber at 24 ºC for 30 min, the conidia were observed by epifluorescence microscopy.   
Scale bar = 10 µm. 
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Figure 4.9  Northern blot analysis revealed a reduction in PKC1 mRNA accumulation 
following the induction of PKC1 gene silencing 
 
Total RNA was extracted from Guy11 and ICL1p pkc1s transformants grown in either liquid CM 
(ICL1p repressing conditions) or MMA.  Following fractionation by denaturing gel electrophoresis, 
the RNA was transferred to Hybond-N.  The blot was probed by a 1 kb fragment of PKC1 from 
outside of the hairpin construct. 
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Figure 4.10  Analysis by QRT-PCR confirmed a reduction in PKC1 mRNA accumulation 
following the induction of PKC1 gene silencing 
 
RNA extracted from a CM culture (the 0 time point) acts as the sample of reference or calibrator.  
Expression levels of PKC1 at various time intervals from inoculation are reported relative to the 
expression level in the calibrator, which is defined as 1X.   
* represents statistical significance(p<0.05). 
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Figure 4.11  Analysis by QRT-PCR reveals variable levels of PKC1 gene silencing 
 
 
The four pkc1s transformants revealed varying levels of PKC1 gene silencing.  RNA extracted from 
a CM culture acts as the sample of reference or calibrator.  Expression levels of PKC1 48 h 
following the induction of silencing (MMA) are reported relative to the expression level in the 
calibrator, which is defined as 1X. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 4 
________________________________________________________________________________ 
 
109 
 
4.3.2.5 Conditional expression of ICL1p:pkc1s results in growth defects 
 
In order to assess the effect of PKC1 gene silencing on colony morphology and vegetative growth, 
plugs of mycelium from the ICL1p:pkc1s transformants were inoculated onto MM and MMA 
(Figure 4.12a).  Measurements of the colonies were recorded at 48 h intervals over a 12-day period.  
When grown on MM, mutants resembled the Guy11 wild type strain, exhibiting a diurnal pattern of 
growth, with distinctive light and dark concentric rings corresponding to successive rounds of 
conidiation.  By contrast, when grown on MMA the transformants revealed a distinct brown 
pigmentation and colony growth was slightly slower (Figure 4.13), although only significantly so 
for PS6 and PS21 (Student's t-test p<0.05).  Induction of PKC1 gene silencing also resulted in less 
uniform radial growth, therefore hindering the accurate determination of colony growth and 
resulting in greater variation.  When the transformants were returned to CM from MMA, they 
recovered growth normally (Figure 4.12 b). 
4.3.2.6 Conditional expression of ICL1p:pkc1s results in a significant reduction 
in biomass 
 
In addition to reduced radial growth, plate assays also revealed much sparser hyphal growth upon 
induction of PKC1 gene silencing, so it was decided to compare the biomass of pkc1s mutants with 
that of the wild-type.  An equivalent amount of fungal mycelium from the Guy11 and pkc1s mutant 
PS5 was inoculated into 500 ml liquid CM and incubated at 24 ºC, 125 rpm for 48 h.  Mycelium 
was then filtered through Miracloth, blotted dry and weighed.  The mycelium from each strain was 
divided into 13 equal parts and transferred to fresh flasks, 6 flasks containing CM (150 ml) and 6 
flasks with MMA (150 ml).  Mycelium was incubated at 24 ºC, with shaking at 125 rpm and 
harvested after 24, 48, 72, 96, 120 or 144 h.  The remaining portion and subsequent harvestings, 
were wrapped in weighed aluminium foil and placed in a drying oven at 70 ºC until no further 
decrease in weight could be determined.  The increase in biomass was similar for both strains when 
cultured in CM but after 72 h in MMA there was a significant reduction in biomass for the PKC1-
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silenced strain compared to the wild-type (Student's t-test p<0.05), as shown in Figure 4.14a.  With 
the induction of silencing, the mycelium and culture medium of the pkc1s strain became noticeably 
and progressively darker than Guy11 due to melanin production, as shown in Figure 4.14b. 
4.3.2.7 Conditional expression of ICL1p:pkc1s results in reduced conidiation 
In order to determine whether ICL1p:pkc1s mutants were affected in their ability to produce 
conidia, spore numbers were recorded per 12-day old plate culture of PS2, PS5, PS6 and PS21 and 
Guy 11, as shown in Figure 4.15.  All of the pkc1s mutants produced significantly fewer conidia 
than Guy 11 (Student's t-test p<0.05), providing evidence that Pkc1 is required for sporulation and 
asexual reproduction.   
4.3.2.8 Conditional expression of ICL1p:pkc1s does not affect germination and 
appressorium formation 
 
Conidia from 12-day old plate cultures were harvested and resuspended in either sterile water or 
sterile water containing NaOAc (55mM).  The conidial suspension was pipetted onto borosilicate 
glass coverslips and incubated in a moist chamber at 24 ºC.  Germination and the development of 
appressoria were monitored over time.  Rates of conidial germination and appressorium formation 
were identical to those of the wild type, Guy11 (Figure 4.16).  However, there was a significant 
delay in appressorium formation in both Guy11 and PS5 in the presence of NaOAc (Student's t-test 
p<0.05). 
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Figure 4.12  Conditional expression of ICL1p:pkc1s results in a significant reduction in fungal 
growth 
 
a) Plugs of mycelium from Guy11 and 4 pkc1s mutants were inoculated onto MM and MMA and 
incubated at 24 ºC for 12 days.  b) When transformants were returned to CM from MMA, they 
recovered the wild-type phenotype. 
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Figure 4.13  Conditional expression of ICL1p:pkc1s results in reduced radial mycelial growth 
 
Plugs of mycelium from Guy11 and 4 transformants were inoculated onto CM and MMA and 
incubated for 12 days at 24 ºC.  The colony diameter was measured and recorded at 48 h intervals. 
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Figure 4.14  Conditional expression of ICL1p:pkc1s results in a significant reduction in 
biomass 
 
a) An equal amount of mycelium from Guy11 and pkc1s strains of M. oryzae was divided between 6 
flasks of CM and 6 flasks of MMA and incubated with gentle shaking at 24 ºC.  The mycelium was 
harvested at various time points, wrapped in weighed aluminium foil and placed in a drying oven at 
70 ºC until no further weight loss was recorded.  b) With the induction of silencing, the mycelium 
and culture medium of the pkc1s strain became noticeably and progressively darker than Guy11.  
* represents statistical significance (Student's t-test p<0.05).
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Figure 4.15  Conditional expression of ICL1p:pkc1s results in reduced conidiation 
 
Plugs of mycelium from Guy11 and 4 transformants were inoculated onto CM and MMA and 
incubated at 24 ºC.  After 12 days the conidia were harvested in distilled water and counted 
microscopically. 
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Figure 4.16  Conditional expression of ICL1p:pkc1s does not affect germination and 
appressorium formation 
 
Conidia from Guy11 and pkc1s mutants were harvested and resuspended in either water or water 
containing sodium acetate.  a) Following incubation on an unyielding surface (borosilicate 
coverslip) at 24 ºC, developing conidia were observed with an Axioskop 2 (Zeiss) microscope and 
images were captured using Zeiss Axiovision 4.4.  Scale bar =10 µm.  b) The percentage of conidia 
that had undergone each successive developmental event was recorded at 4, 6 and 8 h. 
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Figure 4.17  The pkc1s mutants are able to cause rice blast disease 
 
Conidial suspension from Guy11 and the pkc1s strains of M. oryzae were a) spray inoculated onto 
seedlings of rice cultivar CO-39, b) drop inoculated onto leaf fragments detached from the plant c) 
drop inoculated onto the epidermis of leaf sheath segments. 
  
  
b) 
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4.3.2.9 pkc1s mutants are fully pathogenic 
 
In order to establish whether Pkc1 is required for plant infection, seedlings of a blast-susceptible 
rice cultivar, CO-39, were spray inoculated with the four pkc1s mutants.  Insufficient spores were 
obtained from MMA cultures so spores from CM plates were harvested in water containing acetate 
(55 mM) to induce gene silencing.  Sufficient spores were obtained from MMA cultures to enable 
the application of droplets of spore inoculum, (1 X 104 spores ml-1) to rice leaves.  After 3 days, 
necrotic lesions characteristic of rice blast disease, were evident on both leaves inoculated with 
Guy11 and those inoculated with the PKC1-silenced strains (Figures 4.17a & b).  In order to further 
investigate the ability of PKC1-silenced mutants to cause disease, appressorium-mediated 
penetration of the leaf sheath was examined by microscopy.  Invasive infection hyphae were clearly 
visible, although branching was reduced for the PKC1-silenced strain (Figure 4.17c).  
 
4.3.3 Δmdl1 and Δago1 mutants show no reduction in silencing 
 
In order to investigate whether the phenotypes ascribed to the PKC1-silenced mutants were a result 
of a functional hairpin-induced silencing process, we targeted components of the RNA-mediated 
gene silencing pathway in M. oryzae, shown in Table 4.5, to determine their relative contribution to 
the observed silencing. 
Table 4.5  Components of the M. oryzae RNA-mediated gene silencing pathway  
Silencing protein  Accession Number 
Argonaute AGO1 Mgg_01294.6 
Argonaute AGO2 Mgg_14873.6 
Argonaute AGO3 Mgg_05700.6 
Dicer-like MDL1 Mgg_01541.6 
Dicer-like MDL2 Mgg_12357.6 
RdRP  Mgg_07682.6 
RdRP  Mgg_02748.6 
RdRP  Mgg_06205.6 
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The PCR based, split-marker deletion method (Yu et al., 2004), was used to generate gene 
replacement mutants.  MDL1 is one of two dicer-like protein encoding genes found in the M. oryzae 
genome (Kadotani et al., 2004).  Gene-specific primers were designed for PCR amplification of 1 
kb and 1.1 kb fragments fom the 5' and 3' flanks of the open reading frame (ORF), respectively 
(Table 4.6) (Figure 4.18, i).  The primers for the 5' and 3' inner flanks were each designed to include 
an extension, complementary to the tail of a fragment of the phosphinothricin acetyltransferase gene 
cassette (BAR), to facilitate the fusion of the MDL1 flanking sequence and the BAR gene.  The pkc1s 
strain carries the hygromycin resistance cassette and the BAR gene confers resistance to glufosinate 
thereby allowing selection of putative Δmdl1 mutants.  In a second round of PCR, two constructs 
were formed, each containing a flank of the MDL1 gene and an overlapping region of the BAR 
cassette (Figure 4.18, ii).  These constructs were then fused in a third round of PCR using nested 
primers (Figure 4.18, iii) and the final construct was transformed into the pkc1s strain of M. oryzae.  
 
Putative transformants were selected based on their resistance to glufosinate (30 µg ml-1).  Twenty 
putative transformants were obtained following two fungal transformation experiments.  DNA was 
isolated and digested with XhoI and AseI and, following fractionation by gel electrophoresis, the 
DNA was transferred to Hybond-N (Amersham).  The Southern blot was subsequently probed with 
a 1 kb genomic fragment upstream of the MDL1 coding region and part of the gene replacement 
vector.  The probe hybridised to a 5.1 kb fragment of XhoI and AseI digested Guy11 DNA and to a 
single 2.5 kb fragment, following successful replacement of MDL1 with the BAR gene cassette.  
Targeted deletion of MDL1 was identified in two transformants (Figure 4.19). 
 
In order to determine whether deletion of MDL1 in the pkc1s strain led to reversion to the wild-type 
phenotype, plugs of mycelium from Guy11, pkc1s and transformants T14 and T20 were inoculated 
onto CM and MMA.  Both transformants displayed the pkc1s phenotype following induction of 
PKC1-gene silencing (Figure 4.20). 
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Table 4.6  Oligonucleotide primers used in the targeted deletion of AGO2 and MDL1 
 
Primer Name Sequence (5' – 3') 
Mgg01541.6(1) TCCCTGTAACAGTCGGCGA 
Mgg01541.6(2) GTCGTGACTGGGAAAACCCTGGCGAAGTGAAGATGAGCCGATGAA 
Mgg01541.6(3) TCCTGTGTGAAATTGTTATCCGCTCACTGCATGATTGGTGAGCTG 
Mgg01541.6(4) CCAATTCCTGCAATCAGC 
Mgg01541.6(5) GTTGTTGGTCCTGGGTCTGA 
Mgg01541.6(6) GAGCCATACTTCGTCACAACTA 
Mgg14873.6(1) CATACGCATTCACAGCTTCC 
Mgg14873.6(2) GTCGTGACTGGGAAAACCCTGGCGCCTTGGTATTGAGTCATTCTGG 
Mgg14873.6(3) TCCTGTGTGAAATTGTTATCCGCTCGGTAGTCCTTTCCCATTT 
Mgg14873.6(4) AACGAGAAACATACCACTTGATG 
BA split GGACTTCAGCAGGTGGGTGTAGAG 
AR split GCAGACAGGAACGAGGACATTA 
M13F CGCCAGGGTTTTCCCAGTCACGAC 
M13R AGCGGATAACAATTTCACACAGGA 
The reverse complement of M13 forward and reverse sequences, used with BA split and AR split 
respectively, are shown underlined. 
 
 
Targeted deletion of AGO2, one of three Argonautes found in the M. oryzae genome, was 
performed using the same experimental strategy.  Gene-specific primers were designed for 
amplification of 1 kb and 1.1 kb fragments fom the 5' and 3' flanks of the open reading frame, 
respectively (Table 4.6) (Figure 4.21, i).  The primers for the 5' and 3' inner flanks were each 
designed to include an extension, complementary to the tail of a fragment of the selectable marker, 
the phosphinothricin acetyltransferase gene cassette (BAR), to facilitate fusion of the AGO2 
flanking sequence and the BAR gene cassette.  The left and right fragments of the BAR gene were 
amplified with primers BA split and M13F and M13R and AR split, respectively.  In a second 
round of PCR, two constructs were formed, each containing a flank of the AGO2 gene and an 
overlapping region of the BAR cassette (Figure 4.21, ii).  The two constructs were transformed into 
the pkc1s strain of M. oryzae and homologous recombination between the flanking regions and 
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chromosomal DNA and between the overlapping fragments of the selectable marker which were 
predicted to result in targeted replacement of AGO2 (Figure 4.21, iii). 
 
Putative transformants were selected based on their resistance to glufosinate (30 µg ml-1).  Genomic 
DNA was isolated and digested with NheI and EcoRI and, following fractionation by gel 
electrophoresis, the DNA was transferred to Hybond-N (Amersham).  The Southern blot was 
subsequently probed with a 900 bp genomic fragment from the AGO2 locus.  The probe hybridised 
to a 4.7 kb fragment of NheI and EcoRI digested Guy11 DNA.  Absence of a hybridising fragment 
confirms the successful targeted replacement of AGO2 with the BAR gene.  Southern blot analysis 
revealed two Δago2:pkc1s mutants (Figure 4.22). 
 
Plugs of mycelium from Guy11, pkc1s and Δago2:pkc1s mutants, T3 and T11, were inoculated onto 
CM and MMA.  Both transformants displayed the pkc1s phenotype following induction of PKC1-
gene silencing (Figure 4.23). 
4.3.4 Simultaneous inactivation of MDL1 and MDL2 reverses the effect of 
PKC1 gene silencing 
 
We then targeted MDL2, the second of two Dicer-like genes encoded in the M. oryzae genome.  
Gene-specific primers were designed for amplification of 1.1 kb and 1 kb fragments fom the 5' and 
3' flanks of the open reading frame, respectively (Table 4.7) as shown in Figure 4.24, i.  The 
primers for the 5' and 3' inner flanks were each designed to include an extension, complementary to 
the tail of a fragment of the ILV1 gene of M. oryzae, which confers resistance to sulfonylurea 
(SURr), thereby enabling selection of Δmdl2 mutants in both a pkc1s and the Δmdl1:pkc1s 
background.  The ILV1 gene was amplified in two parts using primers IL split and M13R and LV 
split and M13F, respectively.  In a second round of PCR, two constructs were formed, each 
containing a flank of the MDL2 gene and an overlapping region of the SURr cassette (Figure 4.24, 
ii).  The two constructs were transformed into the both the pkc1s and Δmdl1:pkc1s strains of M. 
oryzae.  Homologous recombination between the flanking regions and chromosomal DNA and 
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between the overlapping fragments of the selectable marker should result in targeted replacement of 
MDL2. 
 
Putative transformants were selected by resistance to chlorimuron ethyl (100 µg ml-1).  Genomic 
DNA was isolated and digested with EcoRV and AseI and, following fractionation by gel 
electrophoresis, the DNA was transferred to Hybond-N (Amersham).  The Southern blot was 
subsequently probed with a 1.1 kb genomic fragment upstream of the MDL2 coding region and part 
of the gene replacement vector.  The probe hybridised to a 6.7 kb fragment of EcoRV and AseI 
digested Guy11 DNA and to a single fragment of 4.6 kb following the successful replacement of 
MDL2 with the sulfonylurea resistance cassette.  Southern blot analysis revealed a single 
Δmdl1:Δmdl2:pkc1s mutant.  No Δmdl2:pkc1s transformants were recovered (Figure 4.25). 
 
Plugs of mycelium from Guy11, pkc1s and the Δmdl1:Δmdl2:pkc1s mutant, were inoculated onto 
CM and MMA.  The Δmdl1:Δmdl2:pkc1s mutant displayed the wild-type phenotype when cultured 
on MMA, consistent with the idea that the phenotypes observed in PS5 on MMA arise as a direct 
result of PKC1-gene silencing (Figure 4.26). 
Table 4.7  Oligonucleotide primers used in the targeted deletion of MDL2 
 
Primer Name Sequence (5' – 3') 
Mgg12357.6(1) AGTCAACACTGCAAAGCCTACG 
Mgg12357.6(2) GTCGTGACTGGGAAAACCCTGGCGTTCAGTGACGGTCGGTAAGTAAC 
Mgg12357.6(3) TCCTGTGTGAAATTGTTATCCGCTTTGTGGAGCGTGGTGAGGA 
Mgg12357.6(4) AGATGGCTGCCGCTGGTA 
IL split TCTGGTTGTATTCTCAGGAC 
LV split CATACCAAGCATGTGCAGTG 
M13F CGCCAGGGTTTTCCCAGTCACGAC 
M13R AGCGGATAACAATTTCACACAGGA 
The reverse complement of M13 forward and reverse sequences, used with LV split and IL split 
respectively, are shown underlined 
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BA split AR split 
Mgg01541.6 (2) 
Mgg01541.6 (4) 
4) 
 Mgg01541.6 (4) 
 Mgg01541.6 (1) 
 
Mgg01541.6 (3) Mgg01541.6(1) 1 (1) 
1.1 kb 1 kb 
1.8 kb 1.9 kb 
Mgg01541.6(5) 
 
Mgg01541.6(6) 
 
4) 
 
3 kb 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.18  Schematic representation of the targeted gene deletion of MDL1 by the split-
marker deletion method 
 
 i) Amplification of the 5' and 3' flanks of the MDL1 open reading frame (ORF) was carried out with 
primers for the 5' and 3' inner flanks which were modified to include an extension complementary 
to the tail of a fragment of the selectable marker, the phosphinothricin acetyltransferase cassette 
(BAR). ii) In a second round of PCR, the flanks of MDL1 were fused with overlapping marker 
fragments, BA and AR, of the phosphinothricin acetyltransferase cassette.  iii) A third round of 
PCR was carried out with nested primers to fuse the two fragments.  iv) Homologous recombination 
between the flanking regions and chromosomal DNA should result in a targeted deletion. 
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Figure 4.19  Southern blot analysis of potential Δmdl1:pkc1s transformants 
 
Genomic DNA from twenty glufosinate resistant M. oryzae transformants was restriction digested 
with XhoI and AseI, fractionated by gel electrophoresis and transferred to Hybond-N.  The Southern 
blot was subsequently probed with a 1 kb genomic fragment upstream of the MDL1 coding region 
and used in the targeted replacement of the gene.  The probe hybridised to a 5.1 kb fragment from 
XhoI and AseI digested Guy11 and to a single fragment of 2.5 kb following the successful 
replacement of MDL1 (transformants 14 and 20). 
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pkc1s T20 T14 Guy11 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.20  Targeted deletion of MDL1 does not affect the growth of pkc1s mutant PS5 
 
Plugs of mycelium from the Δmdl1:pkc1s mutants, 14 and 20, were inoculated onto CM and MMA 
and incubated at 24 ºC for 12 days.  Plugs of mycelium from the Guy11 and pkc1s strains of M. 
oryzae acted as controls.   
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Figure 4.21  A schematic representation of the targeted deletion of AGO2 by the split-marker 
deletion method 
 
i) Amplification of the 5' and 3' flanks of the AGO2 open reading frame was carried out with 
primers for the 5' and 3' inner flanks modified to include an extension complementary to the tail of 
a fragment of the selectable marker, the phosphinothricin acetyltransferase cassette (BAR). ii) In a 
second round of PCR, the flanks of AGO2 were fused with overlapping marker fragments, BA and 
AR, of the phosphinothricin acetyltransferase cassette.  iii) The two constructs were transformed 
into the pkc1s strain.  Homologous recombination between the flanking regions and chromosomal 
DNA should result in targeted gene deletion.  
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Figure 4.22  Southern blot analysis of potential Δago2:pkc1s transformants 
 
Genomic DNA from glufosinate resistant transformants was restriction digested with NheI and 
EcoRI, fractionated by gel electrophoresis and transferred to Hybond-N.  The Southern blot was 
subsequently probed with a 900 bp genomic fragment from the AGO2 locus.  The probe hybridised 
to a 4.7 kb fragment from NheI and EcoRI digested Guy11.  The absence of a hybridising fragment 
for transformants 3 and 11 is consistent with the successful targeted replacement of AGO2.  
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Figure 4.23  Targeted deletion of AGO2 does not affect the growth of pkc1s mutant PS5 
 
Plugs of mycelium from the Δago2:pkc1s mutants, 3 and 11, were inoculated onto CM and MMA 
and incubated at 24 ºC for 12 days.  Plugs of mycelium from the Guy11 and pkc1s strains of M. 
oryzae acted as the control experiments.   
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Figure 4.24  A schematic representation of the targeted deletion of MDL2 by the split-marker 
deletion method 
 
 i) Amplification of the 5' and 3' flanks of the MDL2 open reading frame (ORF) was carried out with 
primers for the 5' and 3' inner flanks designed to include an extension complementary to the tail of a 
fragment of the selectable marker, the ILV1 gene of M. oryzae, which confers resistance to 
sulfonylurea. ii) In a second round of PCR, the flanks of MDL2 were fused with overlapping marker 
fragments, LV and IL, of the sulfonylurea resistance cassette.  iii) Homologous recombination 
between the flanking regions and chromosomal DNA is predicted to result in a targeted deletion. 
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Figure 4.25  Southern blot analysis of putative Δmdl2:pkc1s and Δmdl1:Δmdl2:pkc1s 
transformants 
 
Genomic DNA from sulfonylurea resistant transformants was digested with EcoRV and AseI, 
fractionated by gel electrophoresis and transferred to Hybond-N.  The Southern blot was 
subsequently probed with a 1.1 kb genomic fragment upstream of the MDL2 coding region and 
used in the gene replacement vector.  The probe hybridised to a 6.7 kb fragment from EcoRV and 
AseI digested Guy11 and to a single fragment of 4.6 kb following the successful replacement of 
MDL2 (transformant 2.16).  (WT=Guy11). 
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Figure 4.26  Simultaneous inactivation of MDL1 and MDL2 reverses the effect of PKC1 gene 
silencing 
 
A plug of mycelium from the Δmdl1:Δmdl2:pkc1s mutant, T2.16, was inoculated onto CM and 
MMA and incubated at 24 ºC for 12 days.  Plugs of mycelium from the Guy11 and pkc1s strains of 
M. oryzae acted as controls.   
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4.3.5 Comparative analysis of gene silencing and targeted deletion using the 
BCK1 MEKK kinase 
 
For comparative analysis of gene silencing and targeted deletion as tools for the functional analysis 
of fungal genes, we targeted the BCK1 MEKK kinase.  BCK1 does not have an essential function in 
M. oryzae but targeted deletion revealed a distinct and observable autolytic phenotype (details of 
the targeted gene replacement of BCK1 are included in Chapter 5).  For RNA-mediated gene 
silencing of BCK1 the silencing vector pSilent-1 was used (Nakayashiki et al., 2005a).  A 1 kb 
fragment of the BCK1-encoding gene was amplified from M. oryzae genomic DNA with primers 
modified with restriction sites to allow insertion into the pSilent-1 vector in both sense and 
antisense orientations (Table 4.8).  To enable substitution of the ICLI promoter for the constitutive 
TrpC promoter present in the pSilent-1 vector, the ICLI promoter was also amplified and modified 
with restriction sites.  All the components were gel-purified and ligated independently into an 
intermediate vector, pGEM-T (Promega).  The plasmids containing the sense strand, the antisense 
strand and the ICLI promoter were named pTP105, pTP115 and pTP135, respectively. 
 
The two BCK1 gene fragments, BCK1sense and BCK1antisense were cloned sequentially on either side 
of the CUT1 intron.  Firstly, pSilent-1 and pTP105 were both digested with the restriction enzymes 
XhoI and HindIII (Figure 4.27, i).  The digests were separated by gel electrophoresis and the 1 kb 
XhoI-HindIII BCK1 gene fragment was ligated into the corresponding restriction sites of pSilent-1.  
Positive clones were identified by digestion with the restriction enzymes XhoI and HindIII at the 
unique restriction endonuclease recognition sequences introduced by the PCR reaction.  The desired 
fragment sizes were 6.9 kb and 1 kb (the 3 kb fragment representing the pGEM-T vector).  The 
resulting plasmid, pTPBS, and pTP115, were digested with the restriction enzymes KpnI and ApaI 
(Figure 4.27, ii).  The digests were separated by gel electrophoresis and the expected fragment sizes 
were 7.9 kb and 1 kb.  The 1 kb BCK1antisense KpnI and ApaI fragment was excised from pGEM-T 
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and then ligated into the corresponding restriction sites of the plasmid pTPBS to give plasmid 
pTPBSA_trpC (Figure 4.27, iii).  Positive clones were identified by digestion with the restriction 
enzymes KpnI and ApaI. 
 
To replace the constitutive Aspergillus nidulans trpC promoter with the ICLI promoter from M. 
oryzae, the plasmids pTPBSA_trpC and pTP135 were digested with SpeI and XhoI (Figure 4.27, 
iii).  The digests were once again separated by gel electrophoresis and the desired fragment sizes 
were 7.6 kb, 1.3 kb and 1.5 kb.  The 7.6 kb fragment represented the pSilent-1 vector following 
insertion of a 1 kb fragment of BCK1 in both the sense and antisense orientations and excision of 
the trpC promoter, a 1.3 kb fragment.  The 1.5 kb SpeI-XhoI ICLI promoter fragment was then 
ligated into the corresponding restriction sites of the 7.6 kb vector.  Positive clones were identified 
by digestion with the restriction enzymes SpeI and XhoI. 
 
Table 4.8  Oligonucleotide primers used in the construction of the ICLIp:bck1s conditional 
gene silencing vector 
 
Primer name Sequence (5' – 3') 
Restriction 
site added 
BCK.SenseF50.1 TACTCGAGGCCAGAGACACCAAACTACCG XhoI 
BCK.SenseR30.1  CGAAGCTTCTGACGCCTCTGTTGGGAA HindIII 
BCK.AntiF50.1 TAGGGCCCGCCAGAGACACCAAACTACCG ApaI 
BCK.AntiR30.1 TAGGTACCCTGACGCCTCTGTTGGGAA KpnI 
ICLI_SpeI GCACTAGTGAATTCGTCCAGTAATCAAAGGCA SpeI 
ICLI_XhoI GCCTCGAGCTCGGGAATATGGTTCTTACGACA XhoI 
Restriction sites are shown underlined 
 
 
The pTPBSA_trpC plasmid (bck1s) and the conditional gene silencing vector, ICLIp:bck1s, were 
independently transformed into the Guy11 strain of M. oryzae.  Transformants were selected based 
on resistance to hygromycin B and cultured on cellophane-covered CM agar plates in preparation 
for DNA extraction.  To confirm the presence of the hairpin dsRNA expressing construct, DNA was 
isolated and digested with XhoI and ApaI.  Following fractionation by gel electrophoresis, the DNA 
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was transferred to Hybond-N (Amersham) and subsequently probed with the 1 kb BCK1antisense 
genomic fragment used in the construction of the gene silencing plasmid.  The probe hybridised to a 
2.2 kb fragment representing part of the transcriptional unit for BCK1 hairpin RNA expression (the 
inversely oriented BCK1 gene fragments) and a 2.7 kb fragment which corresponded to 
hybridisation to the endogenous gene (Figure 4.28).  
 
The bck1s transformants were sub-cultured onto CM agar and incubated at 24 ºC for 14 days.  Of 
the transformants cultured, 18% revealed a phenotype that was similar to that of the wild-type.  The 
colonies of the remaining transformants were more darkly pigmented, had fewer aerial hyphae and 
revealed a darkening of the growth medium, but the severity of the defects varied between the 
transformants, as shown in Figure 4.29.   
 
Comparison of the effects of gene silencing and targeted deletion of BCK1 on colony morphology 
were carried out with the wild-type, Guy11 as a control (Figure 4.30).  When cultured on CM, bck1s 
and Δbck1 mutants displayed a similar phenotype that was distinct from that of Guy11, with 
reduced aerial hyphae and a dark brown pigmentation and in both cases the culture medium 
darkened noticeably.  Colony autolysis was more pronounced for the deletion mutant as expected, 
because gene silencing is predicted to lead to down-regulation of gene expression and some residual 
kinase activity.  However, conditional gene silencing under the control of the ICL1 promoter 
requires acetate for induction of silencing and comparison of the phenotypes on MMA revealed that 
ICL1: bck1s and Δbck1 did share a similar phenotype distinct from Guy11 (colonies appeared flat 
with a pale brown pigmentation) but there was no discernible similarity between the CM and MMA 
cultures.  We conclude that the results of conditional silencing experiments need to be evaluated 
with reference to the effect of growing the fungus under the inductive conditions on acetate. 
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Figure 4.27  Schematic representation of the construction of the bck1s conditional gene 
silencing vector 
 
A 1 kb fragment of the BCK1-encoding gene was amplified from M. oryzae genomic DNA with 
primers modified with restriction sites to allow insertion into the pSilent-1 vector in both the sense 
and antisense orientations.  The ICL1 promoter was also amplified and all of the components, the 
sense strand, antisense strand and the ICL1 promoter, were ligated into an independent vector to 
give plasmids pTP105, pTP115 and pTP135, respectively.  i)  For insertion of the BCK1 gene 
fragment in the sense orientation, pTP105 and the 6.9 kb pSilent-1 vector were digested with the 
restriction enzymes XhoI and HindIII to release the gene fragment and linearise the vector, 
respectively.  The BCK1 gene fragment was then ligated into the pSilent-1 vector.  ii)  The resulting 
7.9 kb vector, pTPBS, and the plasmid containing the antisense BCK1 gene fragment, pTP115, were 
digested with KpnI and ApaI, which released the gene fragment and linearised the vector to allow 
insertion of the gene fragment giving the 8.9 kb pTPBSA_trpC.  iii)  To facilitate modulated gene 
silencing, the constitutive trpC promoter was replaced with the promoter from ICL1, a gene that 
encodes isocitrate lyase.  The plasmids pTPBSA_trpC and pTP135 were digested with SpeI and 
XhoI, which excised the trpC promoter from the gene silencing vector and released the ICL1 
promoter.  The 1.5 kb SpeI/XhoI ICL1 promoter fragment was then ligated into the corresponding 
restriction sites of the vector, resulting in the 9.1 kb ICL1p:bck1s conditional gene silencing vector. 
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Figure 4.28  Southern blot analysis of potential bck1s transformants 
 
Genomic DNA from transformants resistant to hygromycin were digested with XhoI and ApaI.  
Following fractionation by gel electrophoresis, the DNA was transferred to Hybond-N and 
subsequently probed with the 1 kb BCK1antisense genomic fragment used in the construction of the 
gene silencing plasmid.  The probe hybridised to a 2.2 kb fragment representing the transcriptional 
unit for BCK1 hairpin RNA expression and a 2.7 kb fragment which corresponded to hybridisation 
to the endogenous gene.  Larger fragments indicate multiple insertions of the plasmid at different 
positions in the genome. 
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Figure 4.29  Random insertion of the bck1s gene silencing vector results in variation in colony 
morphology 
 
The bck1s transformants were sub-cultured onto CM agar and incubated at 24 ºC for 14 days. 
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Figure 4.30  Comparative analysis of gene silencing and targeted deletion using the M. oryzae 
BCK1 MEKK kinase  
 
Plugs of mycelium from the Guy11, ICL1p:bck1s, bck1s and Δbck1 strains of M. oryzae, were 
inoculated onto MMA and/or CM and and incubated at 24 ºC for 12 days.  The Δbck1 mutant strain 
revealed an autolytic phenotype on CM but not on MMA.  Colony autolysis was not evident in 
bck1s colonies until 15 days after inoculation.   
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4.4 Discussion 
 
All attempts to generate a targeted gene deletion mutant of PKC1 proved unsuccessful.  It is 
possible that low rates of homologous recombination may have prevented the gene replacement 
(Bird & Bradshaw, 1997), but when combined with evidence from other studies (Oeser, 1998, 
Herrmann et al., 2006), and together with the low levels of PKC1 gene silencing we observed 
subsequently, it appears more likely that Pkc1 is an essential gene in M. oryzae. 
 
We decided to adopt an alternative approach to functional characterisation of Pkc1 by RNAi-
mediated gene silencing, which has rapidly developed as a functional genomics tool in fungi 
(Kadotani et al., 2003, Nakayashiki et al., 2005a, Nguyen et al., 2008).  We successfully generated 
a hairpin dsRNA-expressing construct to target PKC1 and this was introduced into M. oryzae under 
control of an inducible promoter.  Down-regulation of PKC1 gene expression was confirmed by 
reduction in mRNA levels when measured by quantitative real-time RT-PCR and RNA gel blot.  
The reduction in PKC1 expression was accompanied by a number of phenotypic changes.  PKC1 
gene silencing led to significant impairment in fungal growth, with a slower rate of hyphal growth 
and reduction in biomass and sporulation compared with the isogenic wild-type, Guy11.  In contrast 
to the evidence from the inhibitor studies, we did not observe any effect relating to germination and 
appressorium formation.  However, the conidia used in these assays were from CM plate cultures 
and therefore non-silenced conditions because insufficient conidia were obtained from MMA plate 
cultures.  Although acetate was added to the assay to induce silencing it is possible that there was 
sufficient PKC1 transcript to facilitate germination and appressorium differentiation.  Similarly, 
gene silencing of PKC1 did not appear to affect virulence directly in M. oryzae but it was not 
possible to measure the expression of the ICL1 promoter during plant infection in order to 
determine the degree of PKC1 silencing during infection.  It is therefore difficult to pinpoint 
whether gene silencing was strongly induced during infection.  It is potentially possible that Pkc1 
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activity was not compromised significantly until after plant infection had already occurred, making 
the result difficult to interpret. 
 
Gene silencing results in down-regulation of gene expression rather than complete loss of gene 
function and incomplete gene suppression may therefore result in phenotypic variations.  This 
appeared to be the case with the silencing of PKC1 where the degree of silencing compromised 
characterisation of the phenotype, as witnessed in the comparative analysis carried out with BCK1.  
In addition to the partial nature of silencing, the characterisation of the phenotype was also hindered 
by the nutritional regulation of the ICL1 promoter used to induce expression of the silencing 
construct.   
 
The ICL1:pkc1s transformants shared a characteristic phenotype but variability in the level of gene 
silencing was observed.  Whilst some variation might be expected in relation to the number of 
copies of the transgene in the silenced transformants, Henry et al (2007) found no correlation 
between the number of copies and the silencing effect in Aspergillus fumigatus.  Another source of 
the variation in levels of silencing observed may be the random integration of the transgene into the 
M. oryzae genome.  Gene silencing by RNAi is sequence-specific and whilst this might prove 
beneficial if gene families are to be targeted, it does give rise to the possibility of off-target effects; 
reduced expression of other mRNAs possessing partial complementarity.  Selection of the target 
sequence for insertion into the silencing vector is therefore critical and care was taken to avoid 
sequences showing significant homology to other genes.  It was thought that by increasing the 
length of the template the likelihood of off-target effects would be reduced because the longer the 
precursor dsRNA, the more siRNAs generated and therefore the lower the concentration of any 
specific siRNA species that might induce off-target effects.  It is now known however that 
consecutive perfect matching of just 13 bases has been found to be sufficient to induce 
simultaneous silencing between different genes in M. oryzae (Nguyen et al., 2008).  In future 
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studies, it might therefore be more prudent to shorten the sequence incorporated into the silencing 
vector to minimise the risk of such effects.  
 
Concerns have been raised regarding the stability and efficacy of RNA silencing constructs (Henry 
et al., 2007).  In filamentous fungi, genome rearrangement following transformation may result, for 
instance, in loss of a transgene (Nakayashiki et al., 2005).  During initial investigations, loss of the 
construct did appear to be a possibility, with reversion to the wild-type phenotype observed in fast-
growing sectors of some MMA plate cultures (data not shown).  However, culturing from a single-
spore isolate was sufficient to maintain stability of the transformant and, indeed, the pkc1s mutants 
proved remarkably robust over time with the silencing state maintained more than two years after 
initial transformation. 
 
Restoration of gene function is normally carried out by genetic complementation (Griffiths et al., 
1999) to confirm whether an observed mutant phenotype is due to loss of function of a disrupted 
gene.  However, if a functional copy of PKC1 was introduced into the ICL1p:pkc1s mutant, it would 
itself be subject to PKC-gene silencing precluding this approach.  Small interfering RNAs (siRNAs) 
are recognised as characteristic molecules in the RNA silencing process but all attempts to detect 
them directly proved unsuccessful.  To confirm that the phenotypes observed were a direct result of 
gene silencing, we therefore set out to reverse gene silencing by targeting components of the RNAi 
pathway.  Two genes, AGO2 and MDL1, were deleted but did not rescue the pkc1s mutant 
phenotype.  MDL1 has previously been shown to be dispensable for siRNA-directed silencing 
(Kadotani et al., 2004) and phylogenetic analyses of fungal Argonaute proteins suggest that AGO1 
is likely to be a pre-requisite for siRNA-directed silencing whilst AGO2 is more closely related to a 
N. crassa protein involved in the meiotic silencing by unpaired DNA (MSUD) silencing pathway, 
which targets genes that exist in only one of a chromosomal pair and any additional copies of that 
gene even if paired (Shiu et al., 2001, Nakayashiki et al., 2006).  The result is therefore consistent 
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with expectations.  By contrast, the simultaneous inactivation of MDL1 and MDL2 did rescue the 
phenotype observed upon induction of PKC1 gene silencing showing that MDL2 is essential for 
siRNA-directed silencing.  This is consistent with the known role of MDL2 in gene silencing 
(Kadotani et al., 2004).  The result also confirmed that the phenotypic changes observed were a 
direct result of expression of the hairpin dsRNA transcriptional unit.  However, the best test of 
RNAi would be to restore PKC1 gene function directly.  To do this the PKC1 gene should be re-
introduced into the pkc1s strain where it would become a target for silencing.  However, the 
sequence-specific nature of RNAi suggests that if a copy of the target gene was modified to contain 
silent mutations and introduced into the fungus, it would no longer be recognised by the RNAi 
machinery (Mori & Dohi, 2005).  Unfortunately, due to time constraints we were unable to perform 
such an experiment but it would be necessary in order to make a confident conclusion regarding the 
biological function of PKC1.  
 
Gene silencing provides a useful tool for functional analysis of genes, particularly when generation 
of gene deletions is prevented by low homologous recombination frequency or when deletion of a 
gene proves lethal to the organism.  However, comparative analysis of gene silencing and targeted 
gene deletion of the BCK1 gene demonstrated that silencing is not a direct substitute for targeted 
gene replacement.  As a tool for the study of essential genes it is at present limited by the paucity of 
good inducible promoters.  Gene silencing does, nevertheless, provide valuable insight into the 
function of Pkc1 and meaningful progress was made in the functional characterisation of PKC1.  
Gene silencing, combined with the evidence from the pharmacological studies in the previous 
chapter, and in light of the lethality of the null mutant, points to a multi-faceted role for Pkc1 in M. 
oryzae. 
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5 Pkc1 and the cell wall integrity MAPK pathway 
5.1 Introduction 
There is considerable evidence to support a multi-faceted role for Pkc in fungi; this includes the 
number of isoforms of Pkc and their specific roles in mammalian systems (Dekker & Parker, 1994), 
the extended regulatory domain of fungal Pkcs, from which it may be inferred that the kinase has a 
number of intracellular substrates and evidence from biochemical and genetic studies (Ambra & 
Macino, 2000, Denis & Cyert, 2005).  Despite these indications however, the only role that has 
been extensively studied in fungal systems is the regulation of the cell wall integrity mitogen-
activated protein kinase (MAPK) pathway.  In this chapter we present the results of a series of 
experiments designed to investigate the potential link between Pkc1 and regulation of the MAPK 
cell wall integrity pathway in M. oryzae. 
 
The fungal cell wall is important for both survival and morphogenesis (Gow & Gadd, 1994).  It is 
also an obvious target for antifungal agents because animal cells do not have cell walls and the 
composition of plant cell walls is very different from that of fungi, allowing selective compounds to 
be identified with fungicidal activity.  Most of what is known about the cell wall integrity pathway 
is based on work with the budding yeast, Saccharomyces cerevisiae but the pathway is known to be 
highly conserved in fungi (for reviews, see: Chen & Thorner, 2007, Roman et al., 2007).  Studies 
conducted in S cerevisiae, have shown that the Pkc1 MAPK pathway is activated in response to a 
variety of stimuli, including nutrient sensing (Torres et al., 2002), thermal stress (Kamada et al., 
1995) and hypo-osmotic stress (Davenport et al., 1995).  Cell surface proteins respond to external 
stimuli by transmitting signals to the nucleus with MAP kinase pathways acting as intermediaries 
(Xu, 2000).  In S. cerevisiae activation of PKC1 initiates a series of phosphorylation reactions, 
culminating in the phosphorylation and activation of Rlm1 and SBF (Swi4/Swi6), transcription 
factors associated with cell wall biosynthesis and cell cycle regulation, (Heinisch, 2005).  Loss of 
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PKC1 function results in an osmotically re-mediated cell lysis defect due to deficiency in cell wall 
construction (Paravicini et al., 1992).  The four proteins that constitute the PKC1-regulated cell wall 
integrity signal transduction pathway are the MAPKKK, Bck1, two redundant MAPKKs, Mkk1 and 
Mkk2 and the MAPK Mpk1 or Slt2.  Bck1 or Bypass C kinase was identified during a screening for 
extragenic suppressors of a pkc1 deletion mutant in S. cerevisiae (Lee & Levin, 1992). The 
remaining components were similarly identified through their capacity to suppress the temperature-
dependent cell lysis defect of a Δpkc1 mutant.  Over-expression of MKK1 was found to suppress 
both the conditional pkc1 mutation and a bck1 deletion mutant, indicating that MKK1 acts down-
stream of BCK1 (Irie et al., 1993).  The bck1 deletion defect was also suppressed by over-
expression of MPK1, a gene previously isolated through its ability to suppress a temperature-
dependent cell lysis defect and also designated SLT2 (Lee et al., 1993, Torres et al., 1991).  Loss of 
function of any one of the components (including both MAPKKs) results in a temperature-
dependent cell lysis defect which is suppressed by osmotic stabilising agents, although only 
partially so in the pkc1 deletion mutant (Levin & Bartlettheubusch, 1992). 
 
In addition to being important for fungal growth and differentiation, the cell wall integrity pathway 
is also implicated in the pathogenesis of many fungi, including both human and plant pathogens as 
shown in Table 5.1.  The M. oryzae genome encodes an orthologue of MPK1, called MPS1, with 
which it shares 85% amino acid identity (Xu et al., 1998).  While Δmps1 mutants are able to 
elaborate an appressorium, they are completely non-pathogenic although they do elicit plant 
defence responses when inoculated through wounds on the plants.  From this evidence it may be 
reasoned that the primary pathogenicity defect of Δmps1 mutants results from an inability of the 
appressoria to penetrate plant cell walls (Xu et al., 1998, Wilson & Talbot, 2009). 
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Table 5.1  The cell integrity pathway is implicated in the patogenicity of many fungi 
 
Species Causal agent of:-  Reference 
Cochliobolus heterostrophus Southern corn leaf blight (maize)  Igbaria et al., 2008 
Mycosphaerella graminicola Septoriatritici leaf blotch (wheat)  Mehrabi et al., 2006 
Claviceps purpurea Ergot (cereal crops)  Mey et al., 2002a 
Colletotrichum lagenarium Cucumber anthracnose  Kojima et al., 2002 
Cryptococcus neoformans Cryptococcosis (human)  Kraus et al., 2003 
Candida glabrata Candidiasis (human)  Miyazaki et al., 2010 
 
In this chapter I set out to explore the means by which M. oryzae PKC1 may be coupled to the 
Mps1 cell integrity pathway and whether this constitutes a major downstream pathway by which 
Pkc1 regulates fungal development. 
 
I set out to determine if there was any evidence to suggest that Pkc1 physically interacts with 
elements of the cell integrity pathway and also whether the mutant phenotypes of cell integrity 
kinases were consistent with regulation by Pkc1. Finally, I sought to activate the cell integrity 
pathway in a Pkc1 silenced mutant in order to see if cellular viability could be restored. 
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5.2 Materials and Methods 
5.2.1 Yeast two-hybrid screen 
A yeast two-hybrid screen was carried out to identify putative protein-protein interactions between 
components of the cell wall integrity MAPK pathway.  For these investigations the MatchmakerTM 
GAL4 Two-Hybrid System 3 (Clontech Laboratories, Inc.) was employed.  This system carries four 
reporter genes; lacZ, HIS3, ADE2 and MEL1, transcription of which is controlled by three 
heterologous GAL4-responsive upstream activating sequences (UASs) and promoter elements 
(TATA boxes).  In order to test whether two proteins interact, they are expressed as fusion proteins, 
one as a fusion to the GAL4 activation domain (AD) and the other to the DNA-binding domain 
(DNA-BD).  The fusion proteins are co-expressed in yeast and a positive two-hybrid interaction 
brings the DNA-BD and AD together and thereby induces transcription of the reporter genes.  The 
Matchmaker System 3 includes two fusion vectors, pGBKT7 and pGADT7, which carry the DNA-
BD and AD, respectively.  Each plasmid carries a distinct bacterial selection marker and 
auxotrophic marker allowing the plasmids to be independently selected.  Positive and negative 
controls are also included, see Table 5.2. 
 
Table 5.2  MatchmakerTM Two-Hybrid System 3 vector information 
 
Vector Fusion Yeast selection 
Bacterial 
selection 
Control 
pGBKT7 DNA/bait TRP1 kanamycin  
pGADT7 AD/library LEU2 ampicillin  
pCL1 GAL4 LEU2 ampicillin +ve 
pGADT7-T AD/T-antigen LEU2 ampicillin  
pGBKT7-53 DNA-BD/p53 TRP1 kanamycin  
pGBKT7-Lam DNA-BD/lamin C TRP1 kanamycin  
pGADT7-T/ pGBKT7-53    +ve 
pGADT7-T/pGBKT7-Lam    -ve 
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5.2.1.1 Small-scale yeast transformation 
Simultaneous transformation of the constructs into the yeast host strain AH109 (MATa, trp1-901, 
leu2-3, 112, ura3-52, his3-200, gal4Δ, gal80Δ, LYS2::GAL1UAS-GAL1TATA-HIS3, GAL2UAS-
GAL2TATA-ADE2, URA3::MEL1UAS-MEL1TATA-lacZ) was performed according to a small-scale 
lithium acetate (LiOAc)-mediated yeast transformation protocol (Ito et al., 1983, Schiestl & Gietz, 
1989, Hill et al., 1991, Gietz et al., 1992).  All centrifugation steps were carried out at room 
temperature.  1 ml of YPDA (peptone (20 g L-1), glucose (20 g L-1), yeast extract (10 g L-1), adenine 
hemisulfate, (0.003% (v/v)), pH 6.5, 20 g L-1 agar) was inoculated with a single 2-week old colony 
of 3 mm diameter.  Following vigorous vortexing to disperse clumps, the cells were transferred to a 
conical flask containing 50 ml YPDA and incubated at 30 ºC with shaking (200 rpm) for 
approximately 17 h, at which point the culture had reached stationary phase (OD600>1.5).  Sufficient 
culture was then added to a flask containing 300 ml of YPDA to give an OD600 of between 0.2 and 
0.3.  The culture was incubated at 30 ºC with shaking (200 rpm) for a further 2-3 h, until the OD600 
was between 0.4 and 0.6.  The cells were transferred to 50-ml Falcon tubes and pelleted by 
centrifugation at 1000 x g for 5 min.  The supernatants were discarded and the pellets resuspended 
in 50 ml sterile distilled H2O.  At this point the cells were pooled and following centrifugation at 
1000 x g for 5 min, the supernatant was discarded and the pellet resuspended in 1.5 ml of 1 x 
TE/LiOAc freshly diluted from 10 x stocks (10 x TE buffer: Tris-HCl (0.1 M), EDTA (10 mM), pH 
7.5 and 10 x LiOAc: lithium acetate (1 M), pH 7.5).  In a 1.5-ml microfuge tube, 100 ng of each 
plasmid, 10 µl of denatured herring sperm DNA and 100 µl of yeast competent cells were combined 
and vortexed for 30 s prior to the addition of 600 µl of sterile PEG/ LiOAc solution (PEG 4000 
(40%), 1 x TE buffer, 1 x LiOAc (both diluted from 10 x stocks)).  Samples were vortexed for 10 s 
and then incubated at 30 ºC with shaking (200 rpm) for 30 min after which 70 µl of DMSO was 
added.  Following gentle inversion to ensure even dispersal of the DMSO, the cells were heat-
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shocked by placing them at 42 ºC for 15 min and then transferred to ice for 2 min.  The cells were 
pelleted at 9000 x g for 5 s and resuspended in 600 µl of sterile 1 x TE buffer. 
5.2.1.2 Plating and screening 
 
Aliquots of cells were plated onto SD/Dropout (DO) agar plates (yeast nitrogen base without amino 
acids (6.7 g L-1), glucose (20 g L-1), agar (20 g L-1), Dropout solution (adenine hemisulfate (20 mg 
L-1 ), arginine HCl (20 mg L-1 ), histidine HCl monohydrate (20 mg L-1 ), isoleucine (30 mg L-1 ), 
leucine (100 mg L-1 ), lysine HCl (30 mg L-1 ), methionine (20 mg L-1 ), phenylalanine (50 mg L-1 ), 
threonine (200 mg L-1 ), tryptophan (20 mg L-1 ), tyrosine (30 mg L-1 ), uracil (20 mg L-1 ), valine 
(150 mg L-1 )) with specific nutrients omitted to select for transformants containing the introduced 
plasmid(s).  Aspartic acid (100 mg L-1 ) was added to selection medium lacking methionine.  For α-
galactosidase assays, X-α-Gal (Clontech) was dissolved in DMF (20 mg ml-1) and added to dropout 
agar medium (20 µg ml-1).  Plates were inverted and incubated at 30 ºC for 2-6 days, until colonies 
appeared. 
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5.3 Results 
5.3.1 Identification of M. oryzae homologues of known components of the cell 
integrity MAPK pathway 
 
The S. cerevisiae Pkc1 pathway proteins, including Rho1 and Rom2 which are believed to act 
upstream of PKC1, were used in a BLASTP search of the M. oryzae genome database at the Broad 
Institute (http://www.broad.mit.edu/annotation/fungi/magnaporthe/).  Genes encoding each of these 
proteins were found to be conserved in M. oryzae, but in contrast to S. cerevisiae, which has two 
functionally redundant MAPKKs, only a single MAPKK is encoded in the M. oryzae genome.  A 
single MAPKK has also been reported in the pathogenic fungus Cryptococcus neoformans (Gerik et 
al., 2005).  Predicted protein searches with Rom2 and Rom1 both showed a high similarity to 
Mgg_03064.6 (E = 0), the next highest similarity was to Mgg_12644.6 (1.9e-33 and 2.4e-21 
respectively.  Mgg_12644.6 also showed a high similarity to Tus1.  A reciprocal search of the 
Saccharomyces genome database (http//www.yeastgenome.org/) confirmed these results.  Sequence 
data of the BCK1, MKK1, RHO1, ROM2, and ROM1/TUS1 loci were obtained from the M. oryzae 
genome database.  These genes have been reported in the first published genome annotation of M. 
oryzae (Dean et al., 2005). 
5.3.2 Targeted deletion of BCK1- and MKK1-encoding genes 
The MAPK-encoding gene, MPS1, has been functionally characterised previous to this study (Xu et 
al., 1998), and we therefore targeted the MAPKKK and MAPKK, BCK1 and MKK1, for functional 
analysis respectively.  Once again the split-marker approach, as illustrated in Figures 5.1 and 5.2, 
was used to generate gene deletion mutants.  A 1.1 kb fragment of the 5' and 3' flanks of the BCK1 
ORF was amplified with primer pairs BCK1_LF_F50.1/ BCK1_LF_R30.1 and BCK1_RF_F50.1/ 
BCK1_RF_R30.1, respectively (Table 5.3).  Likewise, a 1.1 kb flank upstream and 1 kb flank 
downstream from MKK1 were amplified with primers MKK1_LF_F50.1/ MKK1_LF_R30.1 and 
MKK1_RF_F50.1/ MKK1_RF_R30.1, respectively (Table 5.3).  The primers for the 5' and 3' inner 
Chapter 5 
________________________________________________________________________________ 
 
149 
flanks were each designed to include an extension, complementary to the 5' and 3' ends of a 
fragment of the hygromycin selectable marker, thus enabling fusion of the ORF flanking regions 
with the selectable marker gene in a second round of PCR.  The constructs were then transformed 
into both the wild type, Guy11 strain and the Δku70 strain of M. oryzae. 
 
Table 5.3  Oligonucleotide primers used in the targeted deletion of BCK1 and MKK1 
 
Primer name Sequence (5' – 3') 
BCK1_LF_F50.1 GGAGGTGGAGGTATTACAATCG 
BCK1_LF_R30.1 GTCGTGACTGGGAAAACCCTGGCGGAAGCTCGTCGAGGGTCAAC 
BCK1_RF_F50.1 TCCTGTGTGAAATTGTTATCCGCTGAGGCTCGCTGTATATTGGGAC 
BCK1_RF_R30.1 ATAAGCGAGCCGTTCCGAG 
MKK1_LF_F50.1 TTGCGTGTGCTTTGCCTG 
MKK1_LF_R30.1 GTCGTGACTGGGAAAACCCTGGCGTCGGCGATGAGATTGAGTAGC 
MKK1_RF_F50.1 TCCTGTGTGAAATTGTTATCCGCTTTGACAAGTTCCAACCACACCT 
MKK1_RF_R30.1 ATCTGCCGATGCTTGCTTC 
HY split GGATGCCTCCGCTCGAAGTA 
YG split CGTTGCAAGACCTGCCTGAA 
BCK1-Pb-F50.1 TAGACAGGCTTACGACAACAGGT 
BCK1-Pb-R30.1 CGAGTCCACGGATGAGGC 
The reverse complement of M13 forward and reverse, used with HY split and YG split 
respectively, are shown underlined. 
 
Putative transformants were selected for their resistance to hygromycin B (100 µg ml-1).  DNA was 
extracted as described in Section 2.3.1.  Digestion with restriction endonucleases was followed by 
fractionation by gel electrophoresis and analysis by Southern blot.  Putative Δbck1 mutants were 
digested with BamHI and the Southern blot probed with a 700 bp genomic fragment of the BCK1 
locus.  The probe hybridised to a 1.7 kb fragment from BamHI digested Guy 11 genomic DNA but 
did not hybridise to the Δbck1 mutant (Figure 5.3a).  For Southern blot analysis of putative Δmkk1 
mutants, genomic DNA was digested with SphI and the blot probed with the 1.1 kb genomic 
fragment upstream of the MKK1 coding region used in the targeted replacement of the gene.  The 
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probe hybridised to a 4.3 kb fragment from SphI digested Guy 11 and to a 1.9 kb fragment from 
SphI digested Δmkk1 mutants (Figure 5.3b). 
5.3.2.1 Δbck1 and Δmkk1 mutants display a range of growth and development 
phenotypes 
 
In order to assess the effect of BCK1 and MKK1 targeted gene replacement on colony morphology 
and vegetative growth, mycelial plugs from Δbck1 mutants T3 and T5 and Δmkk1 mutant T1 were 
inoculated onto CM agar and incubated at 24 ºC for 12 days.  During this time, the colony diameter 
was measured at 48 h intervals.  The bck1 mutant revealed progressive colony autolysis, radiating 
from the centre of the colony, after 4 days and this autolytic phenotype was not rescued by 
osmostabilisers, confirming the results of a previous study (Jeon et al., 2008).  The mkk1 mutant 
revealed a similar phenotype.  Both colonies were darkly pigmented, with the mkk1 mutant slightly 
paler than the bck1 mutant, as shown in Figure 5.4.  The Δbck1 and Δmkk1 mutants also revealed 
accelerated vegetative growth compared to the wild type (Figure 5.5).  To investigate hyphal 
growth, 3 ml CM agar was pipetted onto a glass microscope slide and allowed to set.  A plug of 
agar 6 mm in diameter was then removed with a cork borer and a plug of mycelium inoculated onto 
the edge of the medium and allowed to grow across the slide.  After 48 h the hyphae were observed 
by microscopy.  A reduction in hyphal branching was observed for both mutants when compared to 
the wild type but particularly so for the mkk1 mutant as shown in Figure 5.6.  There was also 
evidence of increased cell-cell adhesion. 
5.3.2.2 Δbck1 and Δmkk1 mutants are severely reduced in conidiation 
 
In order to determine whether the Δbck1 and Δmkk1 mutants were affected in their ability to 
produce conidia, counts were made on the total number of spores generated from a 12-day old plate 
culture and compared to a 12-day old culture of Guy 11.  The Δbck1 and Δmkk1 mutants produced 
significantly fewer conidia (<1x104 plate-1) compared to the wild type (9.4x106 plate-1) (Student's t-
test p<0.0001). 
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Figure 5.1  A schematic representation of the targeted deletion of BCK1 by the split-marker 
deletion method 
 
 i) PCR amplification of the 5' and 3' flanks of the BCK1 open reading frame (ORF) was carried out 
with primers for the 5' and 3' inner flanks designed to include an extension complementary to the 
tail of a fragment of the selectable marker, the hygromycin phosphotransferase cassette (HYG). ii) 
In a second round of PCR, the flanks of BCK1 were fused with overlapping marker fragments, HY 
and YG, of the hygromycin phosphotransferase cassette.  iii) Homologous recombination between 
the flanking regions and chromosomal DNA and between the overlapping regions of the 
hygromycin phosphotransferase cassette were predicted to result in a targeted deletion. 
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Figure 5.2  A schematic representation of the targeted deletion of MKK2 by the split-marker 
deletion method 
 
 i) PCR amplification of the 5' and 3' flanks of the MKK2 open reading frame (ORF) was carried out 
with primers for the 5' and 3' inner flanks designed to include an extension complementary to the 
tail of a fragment of the selectable marker, the hygromycin phosphotransferase cassette (HYG). ii) 
In a second round of PCR, the flanks of PKC1 were fused with overlapping marker fragments, HY 
and YG, of the hygromycin phosphotransferase cassette.  iii) Homologous recombination between 
the flanking regions and chromosomal DNA and between the overlapping regions of the 
hygromycin phosphotransferase cassette were predicted to result in a targeted deletion.  
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Figure 5.3  Southern blot analysis of potential Δbck1 and Δmkk1 transformants 
 
a)  For analysis of Δbck1 transformants, genomic DNA from hygromycin resistant transformants 
was restriction digested with BamHI, fractionated by gel electrophoresis and transferred to Hybond-
N.  The Southern blot was subsequently probed with a 700 bp genomic fragment from the BCK1 
locus, which hybridised to a 1.7 kb fragment in the presence of the endogenous gene.  b)  For 
analysis of Δmkk1 transformants, genomic DNA from hygromycin resistant transformants was 
restriction digested with SphI, and the Southern blot was probed with a 1.1 kb genomic fragment 
upstream of the MKK1 coding region and used in the targeted replacement of the gene.  The probe 
hybridised to a 4.3 kb fragment from SphI digested Guy11 and to a 1.9 kb fragment from Δmkk1 
mutants. 
1.7 kb 
a) 
b) 
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Figure 5.4  Δbck1 and Δmkk1 mutants display an autolytic phenotype which is nor remediated 
by osmotic stabilisation 
 
A plug of mycelium from the Guy11, Δbck1 and Δmkk1 strains of M. oryzae, were inoculated onto 
CM or CM containing sorbitol (1 M) and incubated at 24 ºC for 12 days.  The mutants revealed an 
autolytic phenotype, radiating from the centre of the colony, which was not rescued by the 
osmostabiliser, sorbitol. 
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Figure 5.5  Analysis of Δbck1 and Δmkk1 mutants reveals an accelerated vegetative growth 
phenotype 
 
A plug of mycelium from the Guy11, Δbck1 and Δmkk1 strains of M. oryzae, were inoculated onto 
CM and incubated at 24 ºC for 12 days.  Colony diameters were recorded at 48 h intervals. 
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Figure 5.6  A reduction in hyphal branching was observed for both Δbck1 and Δmkk1 mutants 
 
To investigate hyphal growth, a plug of mycelium from Guy11, and the Δbck1, and Δmkk1 mutants 
was inoculated onto the edge of CM agar set on a microscope slide.  After 48 h the hyphae were 
observed by microscopy.  A reduction in hyphal branching was observed for both mutants when 
compared to the wild type but particularly so for the mkk1 mutant.  There was also evidence of 
increased cell-cell adhesion.  Arrows represent points of branching.  
Scale bar = 10 µm 
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5.3.3 Comparative analysis of the response of ICL1p:pkc1s, Δbck1 and Δmkk1 
mutants to cell wall-disrupting agents 
 
Analysis of the response of Δbck1 and Δmkk1 mutants to cell wall-disrupting agents was carried out 
by inoculating a plug of fungal mycelium onto MM agar plates supplemented with the agent.  Cell 
wall-perturbing agents employed in the analysis included calcofluor white, which preferentially 
binds to polysaccharides containing 1,4-linked D-glucopyranosyl units, altering the assembly of 
chitin microfibrils in fungi (Elorza et al., 1983), the β-1,3-glucan synthase inhibitor, caspofungin 
acetate (Douglas et al., 2001), sodium dodecyl sulfate (sodium dodecyl sulfate), an ionic detergent, 
Congo red, which binds to β-1,4-glucans (Wood et al., 1983) and caffeine, 1,3,7-trimethylxanthine, 
an analogue of purine (Kuranda et al., 2006).  The mutants were also inoculated onto medium 
containing H2O2 to investigate the effect of exposure to oxidative stress and CM containing sodium 
chloride to elucidate the response to changes in osmolarity.   
 
The colony sizes of the mutant strains were reduced under all the conditions employed but a similar 
reduction in growth was also observed for the wild type, with the exception of sodium chloride and 
caffeine (Figures 5.7).  Colony sizes were calculated and reported as a percentage of the colony size 
on MM (Table 5.4).  Significant differences (Student's t-test p<0.05) were observed for both mutant 
strains compared to the wild-type when sodium choride was added to the culture medium, with both 
Δbck1 and Δmkk1 mutants showing increased tolerance (Figure 5.8).  This suggests that BCK1 and 
MKK1 are both involved in mediating osmotic-stress specific responses and also implies possible 
cross-talk between the cell integrity pathway and the Hog1 MAPK pathway, which mediates 
responses to hyperosmotic shock (Dixon et al., 1999).  In yeast, Hog1 and Mpk1 interact in a 
complex with Cdc37 (Hawle et al., 2007) and in Candida albicans chitin synthesis is co-ordinately 
regulated by the two pathways (Munro et al., 2007).  Increased resistance to caffeine when 
compared to the wild type was also observed.  The response to caffeine was in contrast to evidence 
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from S. cerevisiae.  In S. cerevisiae it has been shown that the cell integrity pathway is regulated by 
TOR (target of rapamycin) function (Torres et al., 2002).  Caffeine induces a rapid phosphorylation 
of the MAP kinase, Mpk1, but this phosphorylation is lost with inactivation of TOR (Kuranda et al., 
2006).  Disruption of the cell integrity pathway by TOR inactivation or through loss of components 
of the MAP kinase cascade, resulted in increased sensitivity to caffeine. 
 
Table 5.4  The effect of cell wall-disrupting agents on colony size 
 
Strain Caspofungin (0.05 µg ml-1) 
Calcofluor 
white 
(100 µg ml-1) 
H2O2 
(5 mM) 
Congo red 
(50 µg ml-1) 
SDS 
(0.005%) 
NaCl 
(0.2 M) 
Caffeine 
(2.5 mM) 
Guy11 62 ±9   5 ±1  70 ±12  9 ±4 15 ±4 23 ±4 22 ±4 
Δbck1 74 ±4 11 ±8  65 ±22  19 ±13 20 ±7 51 ±5 46 ±3 
Δmkk1   63 ±16 14 ±8 74 ±2 21 ±8 22 ±5   63 ±12 52 ±4 
Colony size is reported as a percentage comparison of growth on MM  
 
 
To compare the response of ICL1p:pkc1s to cell wall-disrupting agents with that of Δbck1 and 
Δmkk1 mutants, the investigations were repeated with MMA replacing MM (Figures 5.9 and 5.10).  
No significant variations were observed between the wild-type and the ICL1p:pkc1s strain (Table 
5.5).  However, caution must be exercised when interpreting the results because the additional 
nutritional stress resulted in a noticeable variation in the phenoypes observed on MMA compared to 
MM and this is likely to have masked any effect of the cell wall-disrupting agents.  Interestingly, 
the response to osmotic stress of the Δbck1 and Δmkk1 mutants grown on MM was not replicated on 
MMA, with no significant variation from the wild-type observed.   
 
Table 5.5  The effect of cell wall-disrupting agents on colony size of the ICL1:pkc1s-expressing 
strain 
 
Strain Caspofungin (0.05 µg ml-1) 
Calcofluor white 
(50 µg ml-1) 
Congo red 
(50 µg ml-1) 
NaCl 
(0.2 M) 
Guy11 3 ±1 7 ±1 10 ±5   74 ±11 
pkc1s 2 ±1 5 ±3  7 ±4   84 ±13 
Δbck1  4 ±2  7 ±2 60 ±7 
Δmkk1    73 ±6 
Colony size is reported as a percentage comparison of growth on MMA 
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Figure 5.7  Sensitivity of Δbck1 and Δmkk1 mutants to cell wall-disrupting agents 
 
MM 
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Caspofungin (0.05 µg ml-1) 
Calcofluor white (100 µg ml-1) 
Congo red (50 µg ml-1) 
 
H2O2 (5 mM) 
SDS (0.005%) 
Caffeine (2.5 mM) 
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A plug of fungal mycelium from Guy11, Δbck1 and Δmkk1 was inoculated onto MM agar 
containing a cell wall-disrupting agent. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.8  The effect of osmotic stress on vegetative growth and colony morphology of Δbck1 
and Δmkk1 mutants 
 
 
Guy11 
Δbck1 
Δmkk1 
MM MM + NaCl (0.2 M) 
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A plug of fungal mycelium from Guy11, Δbck1, Δmkk1 and pkc1s was inoculated onto MM agar 
containing sodium chloride 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9  Sensitivity of ICL1p:pkc1s mutants to cell wall-disrupting agents 
 
 
Guy11 pkc1s 
Congo red (50 µg ml-1) 
Calcofluor white (10 µg ml-1) 
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Caspofungin (01 µg ml-1) 
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A plug of fungal mycelium from Guy11 and pkc1s was inoculated onto MMA agar containing cell-
wall-disrupting agents. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.10  Comparison of the effect of osmotic stress on vegetative growth and colony 
morphology of Δbck1, Δmkk1 and pkc1s mutants 
 
 
MMA MMA + NaCl (0.2 M) MMA + NaCl (0.6 M) 
Guy11 
Δbck1 
Δmkk1 
pkc1s 
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A plug of fungal mycelium from Guy11, Δbck1, Δmkk1 and pkc1s was inoculated onto MMA agar 
containing sodium chloride. 
 
 
 
5.3.4 Yeast two-hybrid screen for the detection of protein interactions 
A yeast two-hybrid screen was carried out to assay protein-protein interactions between Pkc1 and 
Rho1, Bck1, Mkk1 and Mps1, which are the putative components of the M. oryzae cell integrity 
pathway (Rispail et al., 2009).   
5.3.4.1 Construction of DNA-BD and AD gene fusions 
The fusion vectors pGBKT7 and pGADT7 both contain a multiple cloning site (MCS) with unique 
restriction sites (Figure 5.11a).  Gene specific primers, modified with restriction sites to allow 
insertion into the fusion vector in the correct orientation (Table 5.6), were designed for 
amplification of the coding region of the genes of interest (Figure 5.11b, i).  cDNA generated from 
Guy11 genomic RNA (as illustrated in Chapter 2) was used as the template to exclude introns.  
Difficulties were encountered with amplification of BCK1 but this was resolved by amplification in 
two parts, with a 400 bp overlap to allow fusion during a second round of PCR.  Primer pair 
Bck1_Y2H_F50.1/ Bck1_Y2H_R30.1 amplified a 2.3 kb fragment and Bck1_Y2H_F50.2/ 
Bck1_Y2H_R30.2 amplified a 2.7 kb fragment.  The complete Bck1 coding region (4.6 kb) was 
generated by overlapping PCR using primers Bck1_Y2H_F50.1 and Bck1_Y2H_R30.2.  The 
primer pairs used for the amplification of MKK1, MPS1, PKC1 and RHO1 were 
Mkk1_Y2H_F50.1/ Mkk1_Y2H_R30.1, Mps1_Y2H_F50.1/ Mps1_Y2H_R30.1, Pkc1_Y2H_F50.1/ 
Pkc1_Y2H_R30.1 and Rho1_Y2H_F50.1/ Rho1_Y2H_R30.1, respectively.  Following gel 
purification, the amplicons, with the exception of BCK1, were ligated into the intermediate vector 
pGEM-T vector system, generating plasmids pTP182 (Mkk1), pTP183 (Mps1), pTP180 (Pkc1) and 
pTP181 (Rho1) (Figure 5.11b, ii).  To generate pTP184 (Bck1), the BCK1 fragment was ligated into 
StrataClone™ PCR cloning vector pSC-A-amp/kan (Stratagene), according to the manufacturer's 
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instructions.  To generate constructs expressing the AD and/or BD hybrids, the plasmids, pTP182, 
pTP183, pTP180 and pTP181 were digested with the restriction enzymes EcoRI/SalI, 
EcoRI/BamHI, NcoI/EcoRI and EcoRI/BamHI, respectively (Figure 5.11b, iii) to release the gene 
fragments which, following gel-purification, were then ligated into the appropriately digested fusion 
vector(s) (Figure 5.11b,iv).  For expression of AD-Bck1 and BD-Bck1 fusion proteins, plasmid 
pTP184 was digested with NdeI, EcoRI and AseI because the BCK1 insert and cloning vector are of 
a similar size, 4.3 and 4.6 kb respectively, and AseI cuts the cloning vector, so enabling excision of 
the insert (Figure 5.11b, iv). 
 
Table 5.6  Oligonucleotide primers used in the construction of DNA-BD and AD gene fusions 
 
Primer name Sequence (5' – 3') Restriction site added 
Bck1_Y2H_F50.1 GCCATATGATGTATCCAGGAAGTAGCCAATCGCGG Nde I 
Bck1_Y2H_R30.1 GAAGTAGTCGTTCCCACACCTG  
Bck1_Y2H_F50.2 AACGACACAGATTTGGCACCT  
Bck1_Y2H_R30.2 GCGAATTCTCAGTACGTCCCTCTGATCTTGGCGT EcoR I 
Mkk1_Y2H_F50.1 TAGAATTCATGAAGAATCCCATATCTAGTCTCG EcoR I 
Mkk1_Y2H_R30.1 TAGTCGACCTCACTCTGCAGGCTTGGC Sal I 
Mps1_Y2H_F50.1 TAGAATTCATGTCGGATCTCCAGGGC EcoR I 
Mps1_Y2H_R30.1 GCGGATCCTTCACCTCCTCTGATCCAAACC BamH I 
Pkc1_Y2H_F50.1 TACCATGGCGATGGATGACAGGATACAAGACATT Nco I 
Pkc1_Y2H_R30.1 GCGAATTCTCAATCAAAGTCTGCCGTGTA EcoR I 
Rho1_Y2H_F50.1 TAGAATTCATGGCCGAAATCCGCCGCAA EcoR I 
Rho1_Y2H_R30.1 GCGGATCCATTAGAGGATGAGGCACTTCTTC BamH I 
 
5.3.4.2 Individual gene constructs did not independently activate reporter genes 
A control experiment was carried out to ensure that individual gene constructs did not activate the 
reporter genes in the absence of a binding partner.  All of the DNA-BD and AD fusion constructs 
and the positive control vector pCL1, which encodes the full-length, wild-type GAL4 protein, were 
independently transformed into strain AH109,.  The DNA-BD and AD transformations were plated 
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on SD/-Trp/X-α-Gal and SD/-Leu/X-α-Gal, respectively, to assay for MEL1 activation.  Expression 
of the MEL1 reporter gene, which encodes the secreted enzyme α-galactosidase is assayed by 
extracellular α-galactosidase activity.  As α-galactosidase is secreted into the medium it hydrolyses 
the chromogenic substrate, X-α-Gal, causing yeast colonies to turn blue.  The transformant colonies 
were all white, demonstrating that the individual gene constructs do not activate reporter genes in 
the absence of a binding partner (Figure 5.12). 
 
5.3.4.3 Mkk1 interacts with Bck1 and Mps1 in a  yeast two-hybrid screen 
DNA-BD and AD fusion constructs were simultaneously co-transformed into AH109 in the 
following pairs – AD-Bck1/BD-Mkk1, AD-Bck1/BD-Mps1, AD-Bck1/BD-Pkc1, AD-Bck1/BD-
Rho1, AD-Mps1/BD-Mkk1, AD-Pkc1/BD-Mkk1, AD-Pkc1/BD-Mps1, AD-Rho1/BD-Pkc1, AD-
Rho1/BD-Mkk1, AD-Rho1/BD-Mps1 and AD-Pkc1/BD-Pkc1.  Positive and negative controls were 
performed in parallel with pGADT7-T/ pGBKT7-53 and pGADT7-T/pGBKT7-Lam.  Murine p53 
(53) interacts with SV40 large T-antigen (T) whereas human lamin C (Lam) does not.  
Transformants were plated on SD/-Leu/-Trp medium (low stringency), SD/-His/-Leu/-Trp medium 
(medium stringency) and SD/-Ade/-His/-Leu/-Trp/X-α-Gal medium (high stringency).  The low 
stringency screen provides an initial phase of growth which increases detection of weak or transient 
protein-protein interactions.  Plates were inverted and incubated at 30 ºC until colonies appeared.  
Colonies appeared on the low stringency medium within 2 days.  The amplified yeast co-
transformants were resuspended in 1 x TE to a concentration of 106 cells ml-1, plated drop wise on 
low, medium- and high-stringency plates and incubated for a further 2-4 days (Figure 5.13). 
 
Only two BD and AD hybrid combinations resulted in activation of all four reporter genes; Mkk1 
was found to interact with both Bck1 and Mps1, with blue colonies evident on the high stringency 
medium two and three days from plating, respectively.  No other interactions could be determined 
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on high stringency medium even when the co-transformants had been first plated on low stringency 
medium to provide an initial phase of growth, thereby increasing the amount of fusion protein.  The 
pairwise combinations, BD-Mkk1- and AD-Pkc1- and BD-Mkk1 and AD-Rho1, resulted in His+ 
colonies but these colonies were not viable when transferred to high stringency medium. 
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Figure 5.11  Construction of DNA-BD and AD gene fusions for a yeast two-hybrid screen 
 
a) The two yeast two-hybrid fusion vectors contain a multiple cloning site to allow targeted 
insertion of PCR poducts.  b) i) The complete coding region for each gene of interest was amplified 
from Guy11 cDNA with primers modified to incorporate specific restriction sites and additional 
bases where necessary, to ensure an in-frame insertion into the fusion vector.  ii) The amplicons 
were then ligated independently into an intermediate vector and positive clones were selected by 
restriction digest at the sites introduced on the primers.  iii) The digests were repeated to release the 
gene fragments which were subsequently ligated into the correspondingly digested fusion vector.  
Insertion was confirmed by restriction digest. 
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1 pCL1 
2 pGBKT7 
3 pGBKT7-53 
4 pGBKT7-Lam 
5 BD-Rho1 
6 AD-Rho1 
7 BD-Pkc1 
8 AD-Pkc1 
9 BD-Mps1 
10 AD-Mps1 
11 BD-Mkk1 
12 AD-Bck1 
13 pGADT7 
14 pGADT7-T 
 
 
 
 
Figure 5.12  Individual gene constructs did not independently activate reporter genes used in 
the yeast two-hybrid screen 
 
All of the DNA-BD and AD fusion constructs and pCL1 were independently transformed into the 
yeast strain AH109.  The DNA-BD and AD transformations were plated on SD/-Trp/X-α-Gal and 
SD/-Leu/X-α-Gal, respectively, according to their auxotrophic marker.  X-α-Gal was used to assay 
for MEL1 activation; expression of the MEL1 reporter gene leads to secretion of α-galactosidase 
which hydrolyses the chromogenic substrate, X-α-Gal, causing yeast colonies to turn blue.  pCL1 
encodes the full length, wild-type GAL4 protein and therefore acts as a positive control.  To 
confirm the results the transformants were resuspended in 1xTE and plated dropwise on SD/-Trp/X-
α-Gal and SD/-Leu/X-α-Gal. 
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Figure 5.13  Mkk1 putatively interacts with both Bck1 and Mps1 in a yeast two-hybrid screen 
 
DNA-BD and AD fusion constructs were simultaneously co-transformed into AH109 in pairs as 
shown.  Positive and negative controls were performed in parallel with pGADT7-T/ pGBKT7-53 
and pGADT7-T/pGBKT7-Lam.  Murine p53 (53) interacts with SV40 large T-antigen (T) whereas 
human lamin C (Lam) does not.  Transformants were plated on SD/-Leu/-Trp medium (low 
stringency), SD/-His/-Leu/-Trp medium (medium stringency) and SD/-Ade/-His/-Leu/-Trp/X-α-Gal 
medium (high stringency).  The low stringency screen provides an initial phase of growth which 
increases detection of weak or transient interactions.  Plates were inverted and incubated at 30 ºC 
until colonies appeared.  The amplified yeast co-transformants were resuspended in 1 x TE to a 
concentration of 106 ml-1 plated drop wise on medium- and high-stringency plates and incubated for 
a further 2-4 days.  Two BD and AD hybrid combinations resulted in activation of all four reporter 
genes; Mkk1 was found to interact with both Bck1 and Mps1. 
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5.3.5 Construction of a dominant-active allele of BCK1 
To determine whether PKC1 does indeed function upstream of the cell integrity pathway, an allele 
was generated encoding a putatively dominant active form of the Bck1 kinase.  The rationale was to 
establish whether or not constitutively activated Bck1 would restore viability to the pkc1s mutant 
and so rescue the phenotype seen on the induction of silencing.  During a screen of extragenic 
suppressors of a Δpkc1 mutant in S. cerevisiae five suppressor alleles of BCK1 were isolated (Lee & 
Levin, 1992).  Each was found immediately upstream of the catalytic domain and possessed a single 
base change, resulting in the substitution of the native amino acid residue as follows: BCK1-20 Ala-
1174 with Pro, BCK1-10 Gly-1146 with Val, BCK1-11 Ile-1120 with Lys, BCK1-16 Ile-1120 with 
Thr and BCK1-19 Thr-1119 with Pro. 
5.3.5.1 Identification of amino acid residue involved in activation of Bck1 
MAPKKK 
 
The sequenced M. oryzae BCK1 gene product (XP_368361) was aligned with a selection of known 
BCK1 sequences including S. cerevisiae (EEU06735), N. crassa (XP_959647), A. fumigatus 
(XP_754511) and K. lactis (CAA06336), using ClustalW (Thompson et al., 1994).  BCK1 in S. 
cerevisiae and the putative M. oryzae homologue share only limited homology outside of the 
catalytic domain, other regions are not well conserved.  However, based on the alignment, Ile-1129 
in the M. oryzae sequence was identified as the equivalent residue to Ile-1120 in S. cerevisiae as 
shown in Figure 5.14. 
5.3.5.2 Construction of the BCK1I1129T- encoding gene plasmid 
PCR-based mutagenesis was used to generate an I1129T mutation in the BCK1 gene.  Replacement 
of Ile-1129 with Thr required a T-C transversion at position 3749 and this was introduced by 
overlap extension PCR.  The single base change was incorporated into complementary forward and 
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reverse primers used in the amplification of part of the BCK1 open reading frame (Figure 5.15a).  In 
the first round of PCR, primer pairs I1129T-F50.1/Bck1.Thr1129_R30 and 
Bck1.Thr1129_F50/I1129T-R30.1 (Table 5.7) were used to amplify the ORF (plus the 3' UTR) in 
two parts, 1 kb and 1.6 kb respectively.  These fragments were then used as the template in a second 
round of PCR with primers I1129T-F50.1 and I1129T-R30.1.  Fusion of the complementary 
sequences produced a 2.6 kb fragment.  Following ligation into the intermediate vector pGEM-T to 
give plasmid pTP143, DNA sequence analysis confirmed the presence of the mutation. 
 
As the plasmid was to be transformed into the ICL1p:pkc1s expressing strain, which carries the 
hygromycin resistance cassette, it was decided to use the sulfonylurea-resistant allele of the ILV1 
acetolactate synthase gene of M. oryzae as the selectable marker (Sweigard et al., 1997) for the 
BCK1I1129T- encoding gene plasmid.  This required amplification of ILV1 from pCB1532 using 
primers SUR-F50.1 and SUR-R30.1.  To enable insertion of the selectable marker by homologous 
recombination, a 1 kb fragment downstream of BCK1 was also amplified, using primers I1129TX-
F50.1 and I1129TX-R30.1.  This fragment and the 2.8 kb sulfonylurea-resistant allele were 
independently ligated into p-GEM-T generating plasmids pTP143.4 and pTP143.2, respectively 
(Figure 5.15b). 
 
The primers used for the amplification of the BCK1-coding region, the sulfonylurea-resistant allele, 
and the 1 kb fragment downstream of BCK1 were all modified with restriction sites to enable 
alignment in the correct orientation in the final construct (Table 5.7).  Restriction digests targeting 
one of the introduced sites together with the NotI site in the MCS of pGEM-T were used to check 
the orientation of the inserts in the intermediate vector (Figure 5.15b).  For alignment of the 
sulfonylurea-resistant allele and the 1 kb fragment downstream of BCK1, plasmids pTP143.2 and 
pTP143.4 were digested with SpeI and NotI, thereby excising the 1 kb fragment and linearising 
pTP143.2 to allow insertion of the BCK1-coding fragment, to generate plasmid pTP143.6.  The 
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final construct was generated by digesting pTP143.6 and pTP143 with BamHI and NotI, so 
releasing the sulfonylurea-resistant allele together with the 1 kb extension and linearising pTP143 to 
allow insertion of the 3.8 kb fragment.  The BCK1I1129T- encoding gene plasmid was then digested 
with EcoRI to give a 6.4 kb fragment (Figure 5.15c) which, following gel purification, was 
transformed into both the wild type Guy11 strain and the ICL1p:pkc1s expressing strain. 
 
Table 5.7  Oligonucleotide primers used in the construction of the BCK1I1129TP- encoding gene 
plasmid and analysis of putative transformants 
 
Primer name Sequence (5' – 3') Restriction site added 
I1129T-F50.1 TAGAATTCGCTTTCCCTCGCTCGCAA EcoRI 
Bck1.Thr1129_R30 GAATGAAGTCCACTCGAGAGAAGG  
Bck1.Thr1129_F50 CCTTCTCTCGAGTGGACTCATTC  
I1129T -R30.1 TAGGATCCCCACTCGTCCGCCAGGGT BamHI 
SUR-F50.1 TAGGATCCGTCGACGTGCCAACGCCAA BamHI 
SUR-R30.1 CGACTAGTGTCGACGTGAGAGCATGCAATTC SpeI 
I1129T X-F50.1 CGACTAGTTGCGTACGGGGAGGGTCC SpeI 
I1129T X-R30.1 TAGAATTCTCTACTGTACCCAAGCCAAGCCA EcoRI 
TP.CHQ.F50.1 TGATGCCTGGGTTTTGGATA  
TP.CHQ.R30.1 CCTGTCTCGGCATTCTTGTC  
TP.CHQ.R30.2 TGCCCACCTTTCACCTTTC  
Added restriction sites are shown underlined 
 
5.3.5.3 Analysis of putative BCK1I1129T transformants 
Putative transformants were selected for resistance to chlorimuron ethyl (Applichem) (100 µg ml-1).  
DNA was extracted as described in Section 2.3.1 and an initial screen was performed by 
amplification using a primer sequence located in the BCK1 3'-UTR and a second primer 
downstream of the insertion site for the construct, TP.CHQ.F50.1 and TP.CHQ.R30.1 respectively.  
A 1.5 kb fragment was generated from genomic DNA and a 4.3 kb fragment following insertion of 
the sulfonylurea resistance cassette (Figures 5.16a and b).  Positive results were confirmed by 
Southern blot analysis, for which DNA was digested with BamHI, fractionated by gel 
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electrophoresis and probed with a 600 bp genomic fragment spanning the BamHI site and the 
selectable marker introduced on the plasmid.  The probe hybridised to a 9.2 kb genomic fragment in 
the presence of the endogenous gene and to two genomic fragments, 7.4 and 4.5 kb respectively, 
following targeted replacement with BCK1I1129T (Figure 5.16c).  DNA sequence analysis confirmed 
the presence of the mutation. 
5.3.5.4 BCK1I1129T does partially restore viability to the ICL1p:pkc1s mutant 
 
BCK1I1129T mutants in a pkc1s background were inoculated onto CM and MMA agar plates.  When 
cultivated on CM, the colony morphology for the mutants was similar to that of the wild type, as 
was that of BCK1I1129T mutants in the wild type.  However, on MMA, there was a discernible 
difference between the phenotypes of the BCK1I1129T:pkc1s mutant and the pkc1s strain, as shown in 
Figure 5.17, from which it may be inferred that BCK1I1129T and therefore constitutive expression of 
BCK1, does restore some viability to the ICL1p:pkc1s mutant.  A variance from the wild type 
phenotype was still observed, providing evidence that viability was not completely restored. 
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Figure 5.14  Independent substitution of four amino acid residues of S. cerevisiae BCK1 
resulted in extragenic suppression of a Δpkc1 mutant 
 
The amino acid sequence of M. oryzae Bck1 was aligned with a selection of known Bck1 sequences 
from other organisms using ClustalW (Thompson et al., 1994).  Shading of the alignments was 
carried out using GeneDoc version 2.7.000 (K. B. Nicholas & H. B. Nicholas, 1997).  Residues 
with a black background are identical among all listed proteins and residues with a grey background 
are identical for at least 50% of listed proteins.  The arrows indicate the four amino acid residues in 
S. cerevisiae substitution of which resulted in extragenic suppression of a Δpkc1 mutant.  The blue 
arrow identifies the only residue that is identical in M. oryzae.  Ile-1129 in M. oryzae Bck1 was 
identified as the equivalent residue to Ile-1120 in S. cerevisiae. 
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Figure 5.15  Schematic representation of construction of the BCK1I1129T plasmid 
 
a) The primers used in the amplification of part of the BCK1 ORF were designed to facilitate the 
replacement of Ile-1129 with Thr; the relevant base change is indicated in red.  Primer pairs 
I1129T-F50.1/Bck1.Thr1129_R30 and Bck1.Thr1129_F50/I1129T-R30.1 were used to amplify the 
ORF in two parts 1 kb and 1.6 kb, respectively which were then fused together in a second round of 
PCR (2.6 kb) and ligated into pGEM-T (pTP143).  b) A 1 kb fragment downstream of the BCK1 
ORF (3' X) and the ILV1 gene of M. oryzae, which confers resistance to sulfonylurea (SURr), were 
also amplified with primers designed to include restriction sites to allow targeted insertion, and 
independently cloned into pGEM-T to give pTP143.4 and pTP143.2, respectively.  The orientation 
of the inserts in the intermediate vector was checked by restriction digest with one of the introduced 
restriction sites and Not1 in the MCS of pGEM-T.  For alignment of SURr with 3' X, pTP143.2 and 
pTP143.4 were restriction digested with SpeI and NotI, which linearised pTP143.2 and released the 
3' X fragment.  Insertion of 3' X into pTP143.2 gave pTP143.6.  pTP143.6 and pTP143 were then 
restriction digested with BamI and NotI and the 3.8 kb SpeI/NotI SURr + 3' X fragment was inserted 
into the corresponding restriction sites of pTP143 forming the BCK1I1129T plasmid.  c) The 6.4 kb 
EcoRI fragment was transformed into the Guy11 and ICL1p:pkc1s strains of M. oryzae. 
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Figure 5.16  Southern blot analysis of potential BCK1I1129T transformants 
 
a) Schematic for analysis of potential BCK1I1129T transformants.  b) A representative sample of putative BCK1I1129T 
transformants screened by PCR using primers TP.CHQ.F50.1 and TP.CHQ.R30.1.  c) Results were confirmed by 
Southern blot analysis.  Genomic DNA from sulfonylurea resistant transformants was restriction digested with BamHI, 
fractionated by gel electrophoresis and transferred to Hybond-N.  The Southern blot was subsequently probed with a 
600 bp genomic fragment spanning the BamHI site and the selectable marker introduced on the plasmid.  The probe 
hybridised to a 9.2 kb fragment representing the endogenous gene and to two fragments, of 4.5 kb and 7.4 kb, following 
a correctly targeted replacement of the native allele with BCK1I1129T.   
G = wild type background and S = pkc1s background. 
BCK1I1129T + 3'-UTR SURr 3' flank 
BamHI BamHI BamHI 4.5 kb 7.4 kb 
1 kb 
4.3 kb 
2.8 kb 
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Figure 5.17  BCK1I1129T partially restores viability to the ICL1p:pkc1s mutant 
 
Plugs of mycelium from the BCK1I1129T ICL1:pkc1s  mutant, S2 were inoculated onto CM and 
MMA and incubated at 24 ºC for 12 days.  Plugs of mycelium from the Guy11 and pkc1s strains of 
M. oryzae acted as the control experiments.   
 
 
 
 
 
 
 
 
ICL1p:pkc1s 
MMA 
CM 
Guy11 BCK1I1129T S2 
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5.4 Discussion 
 
In S. cerevisiae PKC is speculated to act upstream of the MAPK Slt2 (Levin, 2005).  The 
phenotypes of the pkc1s strain in M. oryzae are consistent with a similar potential role as a regulator 
of the cell integrity pathway, a pathway implicated in the pathogenesis of many fungi (Zhao et al., 
2007, Kozubowski et al., 2009).  To test this hypothesis, we set out to functionally characterise the 
individual components of the pathway.  Targeted replacement of the MAPKKK and MAPKK, 
BCK1 and MKK1, respectively, revealed pleiotropic phenotypes.  In common with the Δmps1 
mutant, vegetative hyphae had a weakened cell wall and progressive autolysis of mycelia was 
observed on CM agar plates for both mutants.  Although comparison of the phenotypes of Δbck1 
and Δmkk1 with pkc1s was compromised by the requirement for acetate as the sole carbon source to 
induce silencing, there were many similarities, with all the colonies displaying a flat appearance and 
a pigmentation defect, and colonies becoming progressively darker as they aged.  All the mutants 
revealed a conidiogenesis defect and displayed abnormalities in hyphal growth but the defects were 
more pronounced in the pkc1s strain in which, radial growth was very irregular.  In contrast to S. 
cerevisiae, C. purpurea and F. graminearum, where loss of components of the cell integrity 
pathway resulted in increased sensitivity to calcofluor white (Hou et al., 2002, Mey et al., 2002a, 
Schmitz et al., 2002), no increased sensitivity to cell wall-binding agents at the concentrations 
tested was observed in any of the mutants.  The Slt2–regulated pathways of M. graminicola, C. 
lagenarium and B. cinerea were also found to play no discernible role in the stress response 
(Kojima et al., 2002, Rui & Hahn, 2007), so it seems that whilst the components of the cell integrity 
pathway are conserved, the functions of the components in cell wall integrity and stress responses 
varies among fungal pathogens (Zhao et al., 2007). 
 
In S. cerevisiae the ROM2 gene encodes a GDP/GTP exchange factor for the small GTP-binding 
protein Rho1, which in turn regulates PKC1 (Nonaka et al., 1995, Ozaki et al., 1996).  Attempts at 
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disrupting these upstream components of the pathway proved unsuccessful, with no rom2 or rho1 
deletion mutants recovered, suggesting that both genes may well be essential in M. oryzae.  In S. 
cerevisiae, deletion of ROM2 is compensated for by ROM1 but the deletion of both genes results in 
non-viability (Ozaki et al., 1996).  Both ROM2 and RHO1 are also believed to have essential 
functions in the milk yeast Kluyveromyces lactis (Lorberg et al., 2003, Rodicio et al., 2006). 
 
A yeast two-hybrid screen was employed in an attempt to establish whether there was an 
association between Pkc1 and the cell integrity pathway.  As expected, an interaction was observed 
between Bck1 and Mkk1, which also interacted with Mps1, and this is therefore consistent with a 
linear view of the pathway (Levin & Bartlettheubusch, 1992).  However, the yeast two-hybrid 
analysis failed to identify any interactions with Pkc1.  Although Rho1 is believed to regulate Pkc1 
an interaction was not observed but this was not unexpected because although Pkc1 has been shown 
to interact with Rho1 in S. cerevisiae and in K. lactis, this only occurs when Rho1 is in its active, 
GTP-bound state (Nonaka et al., 1995, Rodicio et al., 2006).  Interactions between Mkk1 and both 
Pkc1 and Rho1 were observed on medium stringency selection medium but we were unable to 
confirm the results on high stringency medium.  This might imply a weak or transient interaction 
for which there is support from studies with S. cerevisiae.  In S. cerevisiae an interaction between 
Pkc1 and a truncated form of Mkk1 was observed although no interaction could be detected with 
the full-length Mkk1 protein (Paravicini & Friedli, 1996)  Confirmation of an interaction between 
Pkc1 and Mkk1 would not only implicate Pkc1 in the cell integrity pathway but would also suggest 
that the the pathway is far more complex than the original linear view.  A further example is 
provided by the discovery of a feedback mechanism in S. cerevisae involving the Mps1 orthogue, 
Slt2, and Rom2, which is required for repolarizing the actin cytoskeleton (Guo et al., 2009).  Failure 
to detect an interaction does not necessarily mean that it does not occur; the MatchmakerTM GAL4 
Two-Hybrid system, as with all yeast two-hybrid systems, is supplied with the caveat that some 
protein interactions which occur in the proteins' native environment may not be detectable. 
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The pkc1s, Δbck1 and Δmkk1 mutants revealed similar phenotypes but the defects associated with 
PKC1-gene silencing were more pronounced.  Constitutive activation of BCK1 did result in partial 
resumption of growth of the pkc1s mutant strain.  Partial recovery is consistent with some of the 
viability loss being associated with the cell integrity pathway but also suggests that Pkc1 has a 
much wider influence, with pleiotropic effects.  Multiple down-stream targets might also explain 
the transient nature of any protein-protein interactions involving Pkc1. 
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6 A chemical-genetic approach to investigating PKC 
function 
6.1 Introduction 
The functional characterisation of essential genes is difficult in filamentous fungi.  In previous 
chapters we have highlighted the severe limitations associated with current strategies.  Results 
presented in Chapters 4 and 5 showed that targeted deletion of PKC1 in M. oryzae rendered the 
fungus non-viable and whilst RNA-mediated gene silencing has provided an insight into the 
function of PKC1, the levels of silencing were both variable and unpredictable and characterisation 
of the phenotype was also compromised by the nutritional regulation of the ICL1 inducible 
promoter.  Temperature sensitive alleles are available for only a limited number of genes and we 
were aware that semipermissive temperature can affect appressorium development (Saunders et al., 
2010).  For pharmacological investigations, lack of specificity of the available PKC inhibitors was 
also an inherent limitation in our ability to investigate PKC function.  We therefore decided to 
explore the possibility of directly targeting the activity of PKC1 by means of a chemical genetic 
approach which, if successful, would enable direct investigation of the cellular function of the 
kinase in real-time. 
 
Until recently, the development of highly selective kinase inhibitors has been hampered by the 
number of distinct protein kinases in the proteome of eukaryotes, combined with the very high 
degree of homology in the core catalytic domain.  We therefore adapted a chemical genetic 
approach that was first developed to target the oncogenic tyrosine kinase v-Src (Bishop et al., 1998; 
1999; 2000).  This strategy has also now been successfully applied to selectively inhibit 
serine/theonine kinases by means of chemically modified derivatives of 4-amino-1-tert-butyl-3-(p-
tolyl)pyrazolo[3,4-d]pyrimidine (PP1).  In this approach PP1, an Src-family selective inhibitor has 
been shown to preferentially bind to a genetically modified ATP-binding site of the kinase.  
Molecular modelling and in vitro studies identified Ile338 in the ATP-binding site of v-Src as the 
Chapter 6 
________________________________________________________________________________ 
182 
likely key residue in determining PP1 binding affinity and this residue was designated the 
gatekeeper.  Mutation of Ile338 to a glycine or alanine residue was shown to introduce a unique 
structural difference by expansion of the ATP-binding pocket, which facilitated the binding of a 
PP1 analogue with a bulky C3-1'-naphthyl moiety.  Interestingly, the calcium-dependent protein 
kinase 1 of the protozoan Toxoplasma gondii, an infectious parasite of humans, is unique in having 
a glycine residue at the gate-keeper site and was also found to be inhibited by low levels of PP1-
analogues (Ojo et al., 2010).  Conversely, sensitivity to PP1 was decreased when the glycine 
residue was replaced by a methionine residue.  Sensitivity of the engineered kinase to the PP1 
inhibitor increased from micromolar to nanomolar concentrations compared to the wild-type kinase 
allowing selective kinase inhibition to be achieved (Bishop et al., 1999).   
 
Since the initial studies in yeast, a number of protein kinases from a diverse range of organisms 
have been selectively targeted using the PP1 chemical genetics approach and a number of published 
examples are given in Table 6.1.  The homology between the ATP-binding site of M. oryzae PKC1 
and tyrosine kinases, shown in Figure 6.1, suggested that it might also be sensitised to specific 
selective inhibition by PP1.  A multiple sequence alignment of kinase domains was therefore used 
to identify the gate-keeper residue and glutamate-937 was identified as the most likely equivalent 
amino acid residue to isoleucine-338 in v-Src (Liu et al., 1999).   
Table 6.1  PP1-analogue-sensitive variants of protein kinases 
 
Organism Species Kinase Reference 
Fungi Saccharomyces cerevisiae Cdc28 Benjamin et al., 2003 
Fungi Saccharomyces cerevisiae Mps1 Jones et al., 2005 
Fungi Ustilago maydis Don3 Bohmer et al., 2008 
Invertebrates Caenorhabditis elegans SAD-1 Kim et al., 2008 
Plant Arabidopsis MPK4 Brodersen et al., 2006 
Plant Solanum lycopersicum Pto Salomon et al., 2009 
Vertebrates Human cells Cdk7 Larochelle et al., 2007 
Vertebrates Human cells PKA Niswender et al., 2002 
Chapter 6 
________________________________________________________________________________ 
183 
 
 
In this chapter I describe the development of a chemical genetics approach for selective inhibition 
of protein kinases in M.oryzae.  For this purpose, we first targeted a non-essential protein kinase 
with a readily scorable phenotype.  This was used as a feasibility study for subsequent conditional 
selective inhibition of M. oryzae PKC1.
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MGG_08689.5      HFNFLAVLGKGNFGKVMLAESKKTRKLYAIKVLKKEFIIENDEVESIRSEKRVFLIANRE 
PKA              -FDRIKTLGTGSFGRVMLVKHKESGNHYAMKILDKQKVVKLKQIEHTLNEKRILQAVN-- 
v-3src-1         -LRLEAKLGQGCFGEVWMG-TWNGTTRVAIKTLKPGTMSP----EAFLQEAQVMKKLR-- 
p59fyn           ---LEKKLGQGCFAEVWLG-TWNGNTKVAIKTLKPGTMSP----ESFLEEAQIMKKLK-- 
CAMK2G           -YQLFEELGKGAFSVVRRCVKKTPTQEYAAKIINTKKLSAR-DHQKLEREARICRLLK-- 
CDK2             -FQKVEKIGEGTYGVVYKARNKLTGEVVALKKIRLDTETEG-VPSTAIREISLLKELN-- 
:* * :. *            * * :           .    *  :    . 
 
MGG_08689.5      RHPFLTNLHACFQTETRVYFVEEYISGGDLMLHIQRG---QFGTRRAQFYAAEVCLALKY 
PKA              -FPFLVKLEFSFKDNSNLYMVMEYVAGGEMFSHLRRIG--RFXEPHARFYAAQIVLTFEY 
v-3src-1         -HEKLVQLYAVVSEEP-IYIVIEYMSKGSLLDFLKGEMGKYLRLPQLVDMAAQIASGMAY 
p59fyn           -HDKLVQLYAVVSEEP-IYIVTEYMNKGSLLDFLKDGEGRALKLPNLVDMAAQVAAGMAY 
CAMK2G           -HPNIVRLHDSISEEGFHYLVFDLVTGGELFEDIVAR--EYYSEADASHCIHQILESVNH 
CDK2             -HPNIVKLLDVIHTENKLYLVFEFLH-QDLKKFMDASALTGIPLPLIKSYLFQLLQGLAF 
.  :..*   .  :   *:* : :   .:   :                  ::   . . 
 
MGG_08689.5      FHENGVIYRDLKLDNILLT---LDGHIKIADYGLCKEDMWYGSTTSTFCGTP-EFMAPEI 
PKA              LHSLDLIYRDLKPENLLID---QQGYIQVTDFGFAKRVKGR---TWXLCGTP-EYLAPEI 
v-3src-1         VERMNYVHRDLRAANILVG---ENLVCKVADFGLARLIEDNEYTARQGAKFPIKWTAPEA 
p59fyn           IERMNYIHRDLRSANILVG---NGLICKIADFGLARLIEDNEYTARQGAKFPIKWTAPER 
CAMK2G           IHQHDIVHRDLKPENLLLASKCKGAAVKLADFGLAIEVQGEQQAWFGFAGTP-GYLSPEV 
CDK2             CHSHRVLHRDLKPQNLLIN---TEGAIKLADFGLARAFGVPVRTYTHEVVTLWYRAPEIL 
.    ::***:  *:*:         :::*:*:.                     . 
 
MGG_08689.5      LLDKKYGRAVDWWAFGVLIYQMLLQ-QSPFRGEDEDEIYDAILA---------------- 
PKA              ILSKGYNKAVDWWALGVLIYEMAAG-YPPFFADQPIQIYEKIVS---------------- 
v-3src-1         ALYGRFTIKSDVWSFGILLTELTTKGRVPYPGMVNREVLDQVER---------------- 
p59fyn           ALYGRFTIKSDVWSFGILLTELVTKGRVPYPGMNNREVLEQVER---------------- 
CAMK2G           LRKDPYGKPVDIWACGVILYILLVG-YPPFWDEDQHKLYQQIKAG--------------- 
CDK2             LGSKYYSTAVDIWSLGCIFAEMVTRRALFPGDSEIDQLFRIFRTLGTPDEVVWPGVTSMP 
:    * *: * ::  :              ::   . 
 
 
 
 
Figure 6.1  Glutamate-937 was identified as the equivalent residue to isoleucine-338, the key 
residue in determining PP1 binding affinity in v-Src. 
 
A multiple sequence alignment of kinase domains was used to identify the gate-keeper residue in 
M. oryzae Pkc1.  Glutamate-937 was identified as the equivalent amino acid residue to isoleucine-
338 in v-Src (Liu et al., 1999) and is shown in red. 
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6.2 Materials and Methods 
6.2.1 Chemical synthesis of selective protein kinase inhibitors 
2-(Hydroxy(4-methylphenyl)methylene)malononitrile 
 
4-Methylbenzoyl chloride (6.62 cm3, 50 mmol) was added dropwise to a stirred mixture of 
malononitrile (3.305 g, 50 mmol) and sodium hydride (60% dispersion in mineral oil, 4.00 g, 100 
mmol) in tetrahydrofuran (50 cm3), under a nitrogen atmosphere, maintaining the temperature 
between 5 and 10 °C with the aid of an ice-salt bath.  After allowing the stirred reaction mixture to 
attain room temperature, hydrochloric acid (1 M, 125 cm3) was added and the mixture thus obtained 
was extracted with ethyl acetate (3 x 50 cm3).  The combined extracts were dried (magnesium 
sulfate), filtered and evaporated in vacuo to give an off-white solid.  Recrystallisation from ethyl 
acetate gave the title compound (2.90 g, 32%) as an off-white, crystalline solid. m.p. 192-193 °C; δH 
(300 MHz; DMSO-d6) 2.36 (3H, s, CH3), 5.26 and 7.28, 7.54 (2 x 2H, AA'BB', J = 7.5, arylCH); δC 
(75 MHz; DMSO-d6) 21.3 (CH3), 53.3 (C(CN)2), 118.1 (C≡N), 119.6 (C≡N), 128.0, 128.9 
(arylCH), 133.5 (arylCC=O), 141.5 (arylCCH3) and 186.7 (C(OH)). 
 
2-(Hydroxy(naphthalen-1-yl)methylene)malononitrile 
 
1-Naphthoyl chloride (3.95 cm3, 26.2 mmol) was added dropwise to a stirred mixture of 
malononitrile (2.19 g, 33.2 mmol) and sodium hydride (60% dispersion in mineral oil, 2.65 g, 66.3 
mmol) in tetrahydrofuran (35 cm3), under a nitrogen atmosphere, maintaining the temperature 
between 5 and 10 °C with the aid of an ice-salt bath.  After allowing the stirred reaction mixture to 
attain room temperature, hydrochloric acid (1 M, 80 cm3) was added and the mixture thus obtained 
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was extracted with ethyl acetate (3 x 50 cm3).  The combined extracts were dried (magnesium 
sulfate), filtered and evaporated in vacuo to give a white, crystalline solid suspended in a red-brown 
oil.  Trituration with hexane gave the title compound (3.96 g, 69%) as a white, crystalline solid, 
which was used without further purification. m.p. 131-135 °C; δH (300 MHz; DMSO-d6) 7.54-7.66 
(4H, complex, arylCH), 7.93 (1H, m, arylCH) and 7.98-8.08 (2H, complex, arylCH); δC (75 MHz; 
DMSO-d6) 57.0 (C(CN)2), 117.0 (C≡N), 118.3 (C≡N), 125.0, 125.3, 125.8, 126.7, 127.4, 128.6 
(arylCH), 129.5 (arylC), 130.4 (arylCH), 133.2, 134.5 (arylC) and 187.9 (C(OH)). 
 
2-(1-Hydroxy-2-(naphthalen-1-yl)ethylidene)malononitrile 
 
Thionyl chloride (10.0 cm3, 137 mmol) was added to 1-napthaleneacetic acid (10.00 g, 54 mmol) 
and the resulting mixture was heated under reflux for 3.5 h.  The excess thionyl chloride was 
removed by conventional vacuum distillation (oil bath temperature 80 °C, 15 mmHg), followed by 
azeotropic distillation with hexane (4 x 30 cm3) on a rotary evaporator and the resulting crude 
product, obtained as a dark orange/brown oil, was used in the next step without further 
purification/characterisation.  The crude acid chloride (assumed to be 10.99 g, 54 mmol) was added 
dropwise to a stirred mixture of malononitrile (3.57 g, 54 mmol) and sodium hydride (60% 
dispersion in mineral oil, 4.32 g, 108 mmol) in tetrahydrofuran (50 cm3), under a nitrogen 
atmosphere, maintaining the temperature between 5 and 10 °C with the aid of an ice-salt bath.  
After allowing the stirred reaction mixture to attain room temperature, hydrochloric acid (1 M, 150 
cm3) was added and the mixture thus obtained was extracted with ethyl acetate (3 x 50 cm3).  The 
combined extracts were dried (magnesium sulfate), filtered and evaporated in vacuo to give an 
impure product, assumed to be the title compound (11.23 g) as an orange foam, which was used 
without any further purification or characterisation. 
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2-(Methoxy(4-methylphenyl)methylene)malononitrile 
 
2-(Hydroxy(4-methylphenyl)methylene)malononitrile (2.76 g, 15.0 mmol) and dimethyl sulfate 
(10.00 cm3, 105.7 mmol) were added to a stirred mixture of sodium hydrogen carbonate (10.0 g, 
120.0 mmol), 1,4-dioxane (24 cm3) and water (4 cm3).  After stirring for 2.5 h at 80-90 °C, water 
(120 cm3) was added to the cooled reaction mixture and the resulting mixture was extracted with 
tert-butyl methyl ether (4 x 60 cm3).  The combined extracts were dried (sodium sulfate), filtered 
and evaporated to give an off-white, crystalline solid.  Recrystallisation from methanol gave the 
title compound (1.20 g, 40%) as a white, crystalline solid. δH (300 MHz; DMSO-d6) 2.43 (3H, s, 
CH3Ar), 3.90 (3H, s, CH3O) and 7.46, 7.59 (2 x 2H, AA'BB', J = 9.0) arylCH); δC (75 MHz; 
DMSO-d6) 21.4 (CH3Ar), 61.8 (CH3O), 65.4 (C(CN)2), 112.6 (C≡N), 114.1 (C≡N), 125.2 (arylC), 
129.0 (arylCH), 129.9 (arylCH), 143.5 (arylC) and 186.9 (CH3OC). 
 
2-(Methoxy(naphthalen-1-yl)methylene)malononitrile 
 
2-(Hydroxy(naphthalen-1-yl)methylene)malononitrile (3.50 g, 15.9 mmol) and dimethyl sulfate 
(10.6 cm3, 112.0 mmol) were added to a stirred mixture of sodium hydrogen carbonate (10.6 g, 
126.2 mmol), 1,4-dioxane (25 cm3) and water (4.25 cm3).  After stirring for 2.5 h at 80-90 °C, water 
(120 cm3) was added to the cooled reaction mixture and the resulting mixture was extracted with 
tert-butyl methyl ether (4 x 60 cm3).  The combined extracts were dried (sodium sulfate), filtered 
and evaporated to give a yellow oil containing a white, crystalline solid.  Recrystallisation of the 
residue from methanol gave the title compound (2.65 g, 71%) as a white, crystalline solid. (Found 
MNH4+ 252.1131, C15H14N3O requires 252.1131); m.p. 105-107 °C; δH (300 MHz; DMSO-d6) 3.73 
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(3H, s, CH3O), 7.67-7.79 (3H, complex, arylCH), 7.83 (1H, ca dd, J = 3.0 and 7.5, arylCH), 7.89 
(1H, ca dd, J = 3.0 and 6.0, arylCH), 8.14 (1H, ca dd, J = 3.0 and 9.0, aryl CH) and 8.28 (1H, d, J = 
9.0, arylCH); δC (75 MHz; DMSO-d6) 61.0 (CH3O), 67.8 (C(CN)2), 112.1 (C≡N), 113.4 (C≡N), 
123.6, 125.4, 125.7, 127.6, 128.9(3), 128.9(5), 129.0, 129.2, 132.9(7), 132.9(9) (arylCH and arylC) 
and 186.19 (CH3OC). 
 
2-(1-Methoxy-2-(napthalen-1-yl)ethylidene)malononitrile 
 
Crude 2-(1-hydroxy-2-(naphthalen-1-yl)ethylidene)malononitrile (4.26 g, assumed to be 18.2 
mmol) and dimethyl sulfate (12.0 cm3, 126.8 mmol) were added to a stirred mixture of sodium 
hydrogen carbonate (12.23 g, 145.6 mmol), 1,4-dioxane (32 cm3) and water (5.4 cm3).  After 
stirring for 2.5 h at 80-90 °C, water (80 cm3) was added to the cooled reaction mixture and the 
resulting mixture was extracted with tert-butyl methyl ether (3 x 70 cm3).  The combined extracts 
were dried (sodium sulfate), filtered and evaporated to give a red/brown syrup, which was purified 
by flash chromatography on silica gel (66% hexane-34% ethyl acetate) to give two fractions.  
Fraction 1 was found to be methyl-2-(naphthalen-1-yl)acetate (1.335 g, 37%), obtained as an orange 
oil, with analytical data corresponding to literature values.  Fraction 2 proved to be the title 
compound (423 mg, 9%), obtained as an orange/brown syrup which subsequently crystallised to an 
orange/brown solid. m.p. 110-112 °C; δH (300 MHz; CDCl3) 3.95 (3H, s, CH3O), 4.47 (2H, s, CH2), 
7.28 (1H, ca dd, J = 0.5 and 6.0, arylCH), 7.52 (1H, ca t, J = 6.0 Hz, arylCH), 7.62 (2H, m, 
arylCH), 7.89 (1H, d, J = 9.0, arylCH) and 7.94 (2H, m, arylCH); δC (75 MHz; CDCl3) 34.3 (CH2), 
59.4 (CH3O), 67.7 (C(CN)2), 111.5 (C≡N), 113.2 (C≡N), 122.2, 125.0, 125.5, 126.5, 127.2 
(arylCH), 127.6 (arylC), 129.0, 129.2 (arylCH), 130.9, 133.9 (arylC) and 186.5 (CH3OC). 
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5-Amino-1-tert-butyl-3-(4-methylphenyl)-1H-pyrazole-4-carbonitrile 
 
A mixture of 2-(methoxy(4-methylphenyl)methylene)malononitrile (792 mg, 4.0 mmol), tert-
butylhydrazine hydrochloride (500 mg, 4.0 mmol) and triethylamine (0.56 cm3, 4.0 mmol) in 
ethanol (20 cm3) was heated under reflux for 3.5 h.  The ethanol was evaporated in vacuo, water (30 
cm3) was added and the resulting solid residue was filtered off and recrystallised from ethanol-
water to give the title compound (716 mg, 71%) as fine, white needles. (Found MH+ 255.1605, 
C15H19N4 requires 255.1604); m.p. 164-166 °C; δH (300 MHz; DMSO-d6) 1.58 (9H, s, (CH3)3C), 
2.34 (3H, s, CH3Ar), 6.35 (2H, broad s, NH2) and 7.27, 7.69 (2 x 2H, AA'BB', J = 9.0, arylCH); δH 
(75 MHz; DMSO-d6) 21.1 (CH3Ar), 28.4 ((CH3)3C), 59.3 ((CH3)3C), 72.3 (pyrazole C-4), 116.3 
(C≡N), 125.7 (arylCH), 129.3 (arylC), 129.4 (arylCH), 138.1 (arylCCH3), 146.8 (pyrazole C-3) and 
152.5 (pyrazole C-5). 
 
5-Amino-1-tert-butyl-3-(naphthalen-1-yl)-1H-pyrazole-4-carbonitrile 
 
A mixture of 2-(methoxy(naphthalen-1-yl)methylene)malononitrile (2.20 g, 9.4 mmol), tert-
butylhydrazine hydrochloride (1.17 g, 9.4 mmol) and triethylamine (1.31 cm3, 9.4 mmol) in ethanol 
(40 cm3) was heated under reflux for 3.5 h.  The ethanol was evaporated in vacuo, the resulting 
residue was partitioned between water (50 cm3) and ethyl acetate (50 cm3) and the separated 
aqueous phase was further extracted with ethyl acetate (2 x 50 cm3).  The combined organic extracts 
were dried (magnesium sulfate), filtered and evaporated to give an orange oil which was purified by 
flash chromatography on silica gel (50% hexane-50% ethyl acetate) to give the title compound 
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(171.1 mg, 6%) as a pale yellow, crystalline solid. δH (300 MHz; CDCl3) 1.72 (9H, s, (CH3)3C), 
4.49 (2H, broad s, NH2), 7.48-7.59 (3H, complex, arylCH), 7.74 (1H, ca dd, J = 2 and 6.0, arylCH), 
7.86-7.92 (2H, complex, arylCH) and 8.46 (1H, m, arylCH); δC (75 MHz; CDCl3) 29.2 ((CH3)3C), 
60.3 ((CH3)3C), 78.9 (pyrazole C-4), 115.0 (C≡N), 125.2, 125.9, 126.0, 126.5, 127.6, 128.3 
(arylCH), 128.6 (arylC), 129.4 (arylCH), 131.1 (arylC), 134.0 (arylC), 149.0 (pyrazole C-3) and 
150.6 (pyrazole C-5). 
 
5-Amino-1-tert-butyl-3-(naphthalen-1-ylmethyl)-1H-pyrazole-4-carbonitrile 
 
A mixture of 2-(1-methoxy-2-(napthalen-1-yl)ethylidene)malononitrile (382.1 mg, 1.54 mmol), 
tert-butylhydrazine hydrochloride (192.0 mg, 1.54 mmol) and triethylamine (0.22 cm3, 1.58 mmol) 
in ethanol (10 cm3) was heated under reflux for 3.5 h.  The ethanol was evaporated in vacuo, the 
resulting residue was partitioned between water (25 cm3) and ethyl acetate (25 cm3) and the 
separated aqueous phase was further extracted with ethyl acetate (2 x 25 cm3).  The combined 
organic extracts were washed with saturated aqueous sodium chloride solution (25 cm3), dried 
(magnesium sulfate), filtered and evaporated to give an orange syrup which was purified by flash 
chromatography on silica gel (50% hexane-50% ethyl acetate) to give the title compound (256.3 
mg, 55%) as a pale orange, crystalline solid.  δH (300 MHz; CDCl3) 1.60 (9H, s, (CH3)3C), 4.19 
(2H, broad s, NH2), 4.35 (2H, s, CH2), 7.40-7.54 (4H, complex, arylCH), 7.77 (1H, ca d, J = 9.0, 
arylCH), 7.85 (1H, m, arylCH) and 8.30 (1H, m, arylCH); δC (75 MHz; CDCl3) 29.1 ((CH3)3C), 
32.1 (CH2), 59.8 ((CH3)3C), 78.0 (pyrazole C-4), 114.5 (C≡N), 124.4, 125.5(0) (arylCH), 125.5(2) 
(arylC), 125.7, 127.4, 127.6, 128.5 (arylCH), 132.1, 133.7, 133.9 (arylC), 149.6 (pyrazole C-3) and 
150.3 (pyrazole C-4). 
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4-Amino-1-tert-butyl-3-(4-methylphenyl)-1H-pyrazolo[3,4-d]pyrimidine 
 
A solution of 5-amino-1-tert-butyl-3-(4-methylphenyl)-1H-pyrazole-4-carbonitrile (600 mg, 2.36 
mmol) in formamide (7 cm3, 176 mmol) was heated under reflux for 3 h.  Water (15 cm3) was 
added to the cooled solution and the brown-black solid produced was filtered off and dried in 
vacuo, before dissolution in hot ethanol (ca 20 cm3).  The resulting solution was decolourised with 
activated charcoal, then filtered and the solvent evaporated in vacuo to give the title compound (456 
mg, 69%) as an off-white, crystalline solid.  δH (300 MHz; DMSO-d6) 1.76 (9H, s, (CH3)3C), 2.40 
(3H, s, CH3Ar), 7.37, 7.56 (2 x 2H, AA'BB', J = 9, arylCH) and 8.25 (1H, s, pyrimidineCH) (Note: 
NH2 appeared as a very broad resonance between ca 5.0 and 6.5 ppm.); δC (75 MHz; DMSO-d6) 
21.1 (CH3Ar), 29.0 ((CH3)3C), 59.8 ((CH3)3C), 98.9 (heterocyclicC), 128.5, 129.9 (arylCH), 130.7, 
138.1, 141.9, 154.0 (arylC), 155.9 (pyrimidineCH) and 158.4 (arylCH). 
 
4-Amino-1-tert-butyl-3-(naphthalen-1-yl)-1H-pyrazolo[3,4-d]pyrimidine 
 
A solution of 5-amino-1-tert-butyl-3-(naphthalen-1-yl)-1H-pyrazole-4-carbonitrile (171.0 mg, 0.59 
mmol) in formamide (2.7 cm3, 68.0 mmol) was heated under reflux for 3 h.  Water (10 cm3) was 
added to the cooled solution and the brown-black solid produced was filtered off and dried in 
vacuo, before dissolution in hot ethanol (ca 12 cm3).  The resulting solution was decolourised with 
activated charcoal, then filtered and the solvent evaporated in vacuo to give the title compound 
(71.1 mg, 38%) as a buff-coloured, crystalline solid. (Found MH+ 318.1717, C19H20N5 requires 
318.1713); m.p. 211-214 °C; δH (300 MHz; DMSO-d6) 1.80 (9H, s, (CH3)3C), 7.51-7.71 (4H, 
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complex, arylCH), 7.88 (1H, dd, J = 1.0 and 8.5, arylCH), 8.04-8.14 (2H, complex, arylCH) and 
8.29 (1H, s, pyrimidineCH) [lit.2 δH (270 MHz; CDCl3) 1.92 (9H, s), 5.04 (2H, m), 7.43-7.73 (4H, 
m), 7.92-8.02 (3H, m) and 8.34 (1H, s)]; δC (75 MHz; DMSO-d6) 29.1 ((CH3)3C), 60.0 ((CH3)3C), 
100.7 (heterocyclicC) and 125.6, 125.9, 126.5, 127.1, 128.5, 128.6, 129.4, 130.4, 131.7, 133.4, 
140.2, 153.7, 155.1, 158.2 (arylCH, arylC, heterocyclicCH and heterocyclicC). 
 
4-Amino-1-tert-butyl-3-(naphthalen-1-ylmethyl)-1H-pyrazolo[3,4-d]pyrimidine 
 
A solution of 5-amino-1-tert-butyl-3-(naphthalen-1-ylmethyl)-1H-pyrazole-4-carbonitrile (256.3 
mg, 0.84 mmol) in formamide (3.8 cm3, 95.6 mmol) was heated under reflux for 3 h.  Water (15 
cm3) was added to the cooled solution and the brown-black solid produced was filtered off and 
dried in vacuo, before dissolution in hot ethanol (ca 10 cm3).  The resulting solution was 
decolourised with activated charcoal, then filtered and the solvent evaporated in vacuo to give the 
title compound (181.3 mg, 65%) as a buff-coloured, crystalline solid. (Found MH+ 332.1872, 
C20H22N5 requires 332.1870); m.p. 172-175 °C; δH (300 MHz; DMSO-d6) 1.68 (9H, s, (CH3)3C), 
4.80 (2H, s, CH2), 7.01 (2H, broad s, NH2), 7.16 (1H, d, J = 7.0, arylCH), 7.41 (1H, t, J = 7.1, 
arylCH), 7.56 (2H, m, arylCH), 7.81 (1H, d, J = 8.2, arylCH), 7.94 (1H, m, arylCH), 8.15 (1H, s, 
pyrimidineCH) and 8.34 (1H, m, arylCH) [lit.2 δH (270 MHz; CDCl3) 1.85 (9H, s), 4.76 (2H, s), 
5.04 (2H, s), 7.19 (1H, d, J = 6), 7.39 (1H, t, J = 8), 7.55 (2H, t, J = 4), 7.79-7.92 (2H, m), 8.20 (1H, 
d, J = 8) and 8.24 (1H, s)]; δC (75 MHz; DMSO-d6) 29.0 ((CH3)3C), 31.4 (CH2), 59.4 ((CH3)3C), 
100.7 (heterocyclicC) and 124.6, 125.7, 125.8, 126.0, 126.1, 127.2, 128.6, 131.3, 133.6, 135.4, 
140.6, 154.1, 154.8, 158.4, (arylCH, arylC, heterocyclicCH and heterocyclicC). 
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6.3 Results  
6.3.1 Chemical synthesis of inhibitors 
The three protein kinase inhibitors 1a-c (Bishop et al., 1999, 2000) (Figure 6.2), all based on a 
central pyrazolo-pyrimidine structural motif, were prepared using a previously reported 
methodology (Hanefeld et al., 1996) (Scheme 1). 
 
 
 
Figure 6.2  Structures of PP1 and two structural analogues 
 
 
 
Scheme 1 
 
Firstly, malononitrile 2 was acylated with the acid chloride 3 corresponding to the desired C-3 side-
chain substituent R.  Sodium hydride was employed as the base in this step as it not only allows the 
quantitative deprotonation of malononitrile (pKa = 11.2) but it also deprotonates the final reaction 
product, thus removing it from the reaction equilibrium, ultimately favouring its formation (Scheme 
2). 
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Scheme 2 
 
1-Naphthaleneacetyl chloride required for the preparation of 1c, is not commercially available and 
this was prepared from 1-naphthalenacetic acid using thionyl chloride, prior to carrying out the 
acylation. Table 6.2 summarises the results obtained. 
 
Table 6.2  Summary of results obtained for acylation of malononitrile 
 
R Product Yield/% 
4-methylphenyl 4a 32 
naphthalen-1-yl 4b 69 
(naphthalen-1-yl)acetyl 4c product not isolated/characterised 
 
Although acylated products 4a and 4b could be isolated in a pure, crystalline state, the preparation 
of 4c resulted in the formation of an impure product, which was used in the next reaction step 
without further purification/characterisation.  (Note: 4c could be seen as a major component in the 
1H and 13C NMR spectra of the crude reaction product.)  Whilst acylated malononitrile derivatives 
are often drawn as the keto tautomer, NMR spectra (both 1H and 13C) revealed both 4a and 4b to be 
present essentially completely in their enol form as shown by the equilibrium in Scheme 2. 
 
All three products 4a-c were converted into their corresponding enol ethers 5a-c by methylation 
with dimethyl sulfate in the presence of sodium hydrogen carbonate (Scheme 3 and Table 6.3). 
 
 
Scheme 3 
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Table 6.3  Summary of results obtained following methylation with dimethyl sulfate  
 
R Product Yield/% 
4-methylphenyl 5a 40 
naphthalen-1-yl 5b 71 
(naphthalen-1-yl)acetyl 5c 9 
 
All three products 5a-c were obtained in a pure, solid state.  The disappointing yield of 5c (9%) can 
be attributed to two factors.  Firstly, this is the yield over three synthetic steps (starting from 1-
naphthaleneacetic acid) but a substantial quantity of methyl-2-(naphthalen-1-yl)acetate 6 was also 
obtained in a 37% yield from this reaction.  The formation of this by-product could possibly be 
explained by displacement of the malononitrile moiety from the O-methylated keto tautomer of 4c 
via an addition-elimination process (Scheme 4).  The decreased conjugation within the enol form of 
4c compared with 4a and 4b would be expected to result in more of the keto tautomer being present 
at equilibrium and the stability of the conjugate base of malononitrile suggests that it could be a 
good leaving group in acylated derivatives such as 4c. 
 
Scheme 4 
 
Construction of the fused heterocyclic core started with formation of 5-aminopyrazoles 7a-c from 
enol ethers 5a-c using tert-butylhydrazine (Scheme 5 and Table 6.4).  Whilst 7a could be purified 
by simple recrystallisation of the crude reaction product, isolation of 7b and 7c required 
chromatography which may account, to some extent, for the low yield of 7b.  In all three cases, 
sufficient material was obtained to allow procedure to the final step. 
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Scheme 5 
 
Table 6.4  Summary of results obtained following formation of the pyrazole  
 
R Product Yield/% 
4-methylphenyl 7a 71 
naphthalen-1-yl 7b 6 
(naphthalen-1-yl)acetyl 7c 55 
 
A final high temperature condensation of the 5-aminopyrazoles 7a-c with formamide produced all 
three of the required inhibitors 1a-c as crystalline solids, which were fully characterised and found 
to have analytical data consistent to those previously reported (Scheme 6 and Table 6.5) (Bishop et 
al., 1999). 
 
 
Scheme 6 
 
 
Table 6.5  Summary of results obtained following condensation of pyrazoles to pyrazolo-
pyrimidines 
 
R Product Yield/% 
4-methylphenyl           1a(PP1) 69 
naphthalen-1-yl 1b 38 
(naphthalen-1-yl)acetyl 1c  65 
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6.3.2 Toxicity of PP1 inhibitors 
To investigate the basal toxicity of PP1 to wild-type strains of M. oryzae, plugs of mycelium were 
inoculated onto CM agar containing the inhibitor.  The inhibitor was added to molten CM agar prior 
to pouring, at final concentrations ranging from 10 µM to 50 µM.  Measurements of the resulting 
colony diameters were recorded at 48 h intervals over a 13-day period (Figure 6.3).  A significant 
reduction in colony growth was observed with a concentration of 20 µM or more. To investigate 
further the effect of the PP1-inhibitor and to determine the minimum inhibitory concentration, the 
inhibitor was added to M. oryzae conidial suspensions, which were then inoculated onto borosilicate 
glass coverlips and incubated in a moist chamber at 24 ºC.  Germination and development of 
appressoria were monitored over time, as shown in Figure 6.4.  After 24 h there was a significant 
reduction in appressorium formation from conidia inoculated with a PP1 concentration of 25 µM or 
more.  A range of concentrations from 5 µM to 15 µM were selected for further work. 
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Figure 6.3  Investigating the toxity of PP1 to M. oryzae and its effect on vegetative growth 
 
Mycelial plugs of Guy11 were inoculated onto CM plates containing PP1 and incubated at 24 ºC for 
13 days.  The diameters of the colonies were recorded every 48 h.   
Error bars represent the standard deviation between three replicate plates. 
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Figure 6.4  Investigating the toxity of PP1 to M. oryzae and its effect on conidial germination 
and appressorium formation  
 
Conidia from Guy11 were harvested and resuspended in either water or water plus PP1 inhibitor.  
The spore suspension was applied to an unyielding surface (glass coverslip) and incubated at 24 ºC  
After 24 h, developing conidia were observed with an Axioskop 2 (Zeiss) microscope and the 
percentage of conidia that had undergone each successive developmental event was recorded.  
 
 
Concentration of PP1 inhibitor 
%
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6.3.3 Validation of concept 
 
We decided on an in principle demonstration of the concept for which we chose to selectively 
inhibit a non-essential kinase.  ATG1 is a non-essential kinase that is required for the regulation of 
autophagy (Liu et al., 2007b) and has previously been shown to be susceptible to PP1 inhibition in 
S. cerevisiae (Abeliovich et al., 2003).  By introducing an inhibitor-sensitive allele of ATG1 into a 
strain of Guy11 expressing GFP-ATG8 we were able to study the effect of the inhibitors visually.  
ATG8 is a widely utilized marker for autophagy due to its association with mature autophagosomes 
(Klionsky et al., 2008).  GFP-tagged Atg8 is tethered to the autophagosome membrane at its C-
terminus by phosphatidylethanolamine (Xie et al., 2008) providing a means of visualising 
autophagosomes during the onset of autophagy. 
6.3.3.1 Identification of the amino acid involved in determining PP1 sensitivity 
 
Alignment of the amino acid sequences from the ATP-binding sites of the Atg1 and Pkc1 protein 
kinase from M. oryzae with Atg1 from S. cerevisiae and v-3src-1, was carried out using ClustalW 
(Thompson et al., 1994).  The methionine-95 residue of M. oryzae Atg1 was identified as the 
equivalent residue to isoleucine-338 in v-Src also referred to as the gate-keeper residue (Figure 6.5). 
6.3.3.2 Construction of a PP1 analogue-sensitive ATG1-encoding gene plasmid 
Replacement of the methionine-95 residue of ATG1 with alanine required two base changes, an A-
G transversion at position 486 and a T-C transversion at position 487, and these were incorporated 
into primers ATG1-M95A-F50.2 and ATG1-M95A-R30.3 which were then used to amplify the 
ATG1 coding region from genomic DNA.  The primers were designed to include two additional 
silent point mutations (replacing a codon with one encoding the same amino acid) to introduce a 
unique restriction site, AseI, thus facilitating rapid analysis of putative transformants.  Primer pairs, 
ATG1-EcoRIF50.1 and ATG1-M95A-R30.3 and ATG1-M95A-F50.2 and ATG1-BamHIR30.1 (Table 
6.6) were used to amplify the entire ATG1 ORF (together with the 3'-UTR) in two parts, 500 bp and 
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3.2 kb respectively.  These fragments were then used as the template in a second round of PCR with 
primers ATG1-EcoRIF50.1 and ATG1-BamHIR30.1.  Fusion of the complementary sequences resulted 
in a 3.7 kb fragment, which was subsequently ligated into the intermediate vector pGEM-T 
(Promega) to give plasmid pTP146.  DNA sequence analysis was then used to confirm the presence 
of the mutation.  To facilitate the selection of putative transformants, the hygromycin resistance 
gene cassette was amplified from pCB1004 using primers Hyg-BamHIF50.2 and Hyg-XhoIR30.2.  To 
enable insertion of the selectable marker by homologous recombination, a 800 bp fragment 
downstream of ATG1 was also amplified, using primers ATG1X-XhoIF50.1 and ATG1X-EcoRIR30.1.  
This fragment, and the 1.4 kb selectable marker fragment, were independently ligated into p-GEM-
T (Promega) generating plasmids pTP146.4 and pTP146.2, respectively.   
 
The primers used for the amplification of the ORF, the hygromycin resistance gene cassette and the 
800 bp fragment downstream of ATG1, were each modified with restriction sites to enable 
alignment in the correct orientation in the final construct, as shown in Table 6.6.  Restriction digests 
targeting one of the introduced restriction sites together with the NotI site in the MCS of pGEM-T 
(Promega) were used to check the orientation of the inserts in the intermediate vector (Figure 6.6).  
For alignment of the hygromycin-resistant gene and the 800 bp fragment downstream of ATG1, 
plasmids pTP146.4 and pTP146.2 were digested with XhoI and NotI thereby excising the 800 bp 
fragment from pTP146.4 and linearising pTP146.2 to allow insertion of the fragment, to generate 
plasmid pTP146.6.  The final construct was generated by digestion of pTP146.6 and pTP146 with 
BamHI and NotI, thereby releasing the hygromycin-resistance gene cassette together with the 800 
bp extension and linearising pTP146 to allow insertion of the 2.2 kb fragment.  The ATG1M95A- 
encoding gene plasmid was then digested with EcoRI to give a 5.9 kb fragment which, following 
gel purification, was transformed into a strain of Guy11 expressing GFP-ATG8 to allow 
visualisation of autophagosomes (Kershaw & Talbot, 2009). 
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Table 6.6  Oligonucleotides used in the construction of the PP1 analogue-sensitive ATG1-
encoding gene plasmid 
 
Primer name Sequence (5' – 3') 
Restriction 
site  
added 
ATG1-EcoRIF50.1 TAGAATTCATGGCGGACCGATCAGCA EcoRI 
ATG1-BamHIR30.1 TAGGATCCTGACATTGGCCGCAGCAA BamHI 
ATG1-M95A-F50.2 CGAGTCGGCAACACACATTAATCTCATGGCGGAGTAT  
ATG1-M95A-R30.3 ATACTCCGCCATGAGATTAATGTGTGTTGCCGACTCG  
Hyg-BamHIF50.2 TAGGATCCGGAGGTCAACACATCAATG BamHI 
Hyg-XhoIR30.2 TACTCGAGCTCTATTCCTTTGCCCTCG XhoI 
ATG1X-XhoIF50.1 TACTCGAGTGATGACACTGGAGAAGAGACGTC XhoI 
ATG1X-EcoRIR30.1 TAGAATTCCGCAACATCCCAGAGCAGC EcoRI 
Added restriction sites shown underlined and base changes are shown in blue 
 
6.3.3.3 Analysis of putative PP1 analogue-sensitive ATG1 transformants 
 
Putative transformants were selected for their resistance to hygromycin B (200 µg ml-1).  DNA was 
extracted as described in Section 2.3.1.  Analysis of the transformants was facilitated by 
introduction of a restriction site, AseI, during amplification of the coding region (Figure 6.7 a).  An 
initial screen was performed by PCR using primers Pb.F50.1 and Pb.R30.1, located upstream and 
downstream of the hygromycin resistance gene cassette, respectively.  A 600 bp fragment was 
amplified from Guy11 and a 2.1 kb fragment following insertion of the hygromycin reistance gene 
cassette, a representative sample of the results is shown in Figure 6.7 b.  The results were confirmed 
by Southern blot analysis, for which DNA was digested with AseI and NdeI, fractionated by gel  
electrophoresis and probed with a 600 bp genomic fragment spanning the insertion site for the 
selectable marker introduced on the plasmid.  The probe hybridised to a 10.5 kb fragment 
representing the endogenous gene, and to two fragments, of 1 kb and 4 kb, which was diagnostic of 
correct targeted replacement of the native allele with ATG1M95A (Figure 6.7 c).  Four transformants 
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revealed the correctly targeted allelic replacement and presence of the mutation was confirmed by 
DNA sequence analysis. 
6.3.3.4 Susceptibility of the ATG1M95A mutant to PP1 inhibition 
Stock solutions of 10 mM 1NA-PP1 and 1NM-PP1 were made in dimethyl sulfoxide (100%).  Prior 
to use, the inhibitors were diluted in DMSO (3.3%).  To investigate the effect of chemical inhibition 
of ATG1 on vegetative growth, a plug of mycelium from two ATG1M95A mutants (B13 and B24) was 
inoculated onto CM agar containing either 1NA-PP1 (15 µM) or 1NM-PP1(15 µM).  The cultures 
were incubated at 24 ºC.  After 12 days the colony diameter was recorded and significant reduction 
in colony size was observed for both ATG1M95A mutants (Student's t-test p<0.005) (Figure 6.8).   
 
In a wild type background GFP-ATG8-labeled autophagosomes were observed as punctate signals.  
GFP-ATG8-labeled autophagosomes accumulate in conidia during germination but in an M. oryzae 
∆atg1 mutant expressing GFP-ATG8, autophagosomes did not accumulate in conidia and were very 
significantly reduced in number.  Instead large aggregates of GFP-Atg8 were observed in the 
conidia, normally one or two in each cell.  To investigate the effect of chemical inhibition of ATG1, 
conidia of the ATG1M95A GFP:ATG8 expressing strain were resuspended in water containing 1NA-
PP1 (7.5 µM) or 1NM-PP1 (7.5 µM) and inoculated onto coverslips.  Following incubation at 24 ºC 
for 1-2 h, the number of GFP:ATG8-labelled autophagosomes was examined by epifluorescence 
microscopy as shown in Figure 6.9.  Conidia from Guy11 expressing the GFP:ATG8 gene fusion 
and from the Δatg1 mutant in a GFP-ATG8 background were used in a control experiment.  A control 
experiment was also prepared to monitor the effect of DMSO (0.33%).  A significant reduction  in 
the number of autophagosomes (Student's t-test p<0.0001) was observed in the ATG1M95A 
GFP:ATG8 mutant compared to the wild type on exposure to 1NA-PP1 (7.5 µM) for 2 hours, as 
shown in Figure 6.10, although they did not tend to form large aggregates of GFP-Atg8 as seen in 
the ∆atg1 mutant.  However, the reduction in the number of autophagosomes does suggest that the 
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kinase has been sensitised to this inhibitor and the strategy may therefore be applicable to other M. 
oryzae kinases. 
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Figure 6.5  Methionine-95 in M.oryzae Atg1 was identified as the equivalent residue to 
isoleucine-338, the key residue in determining PP1 binding affinity in v-Src. 
 
Sequence alignment of the ATP-binding sites of M. oryzae Atg1, S.cerevisiae Atg1, M. oryzae Pkc1 
and v-3src-1 was carried out using ClustalW (Thompson et al., 1994).  The residues aligned with 
Ile-338, the gate-keeper residue from v-Src, are highlighted. 
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NotI 
    
 
 
C GAG TCG GCA ACA CAC ATT AAT CTC ATG GCG GAG TAT 
         E      S       A       T       H       I       N       L      M      A       E      Y 
  G CTC AGC CGT TGT  GTG TAA TTA GAG TAC CGC  CTC ATA 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.6  Schematic representation of the construction of the PP1 analogue-sensitive ATG1- 
encoding plasmid 
 
a) The primers used in the amplification of the ATG1 ORF were designed to introduce a unique restriction site and to 
facilitate the replacement of Met-95 with Ala; the relevant base changes are indicated in blue and red, respectively.  
Primer pairs ATG1-EcoRIF50.1/ ATG1-M95A-R30.3 and ATG1-M95A-F50.2/ ATG1-BamHIR30.1 were used to 
amplify the ORF in two parts 500 bp and 3.2 kb, respectively which were then fused together in a second round of PCR 
(3.7 kb) and ligated into pGEM-T (pTP146).  b) An 800 bp fragment downstream of the ATG1 ORF (3' X) and the 
hygromycin cassette(HYGr), were also amplified with primers designed to include restriction sites to allow targeted 
insertion and independently cloned into pGEM-T to give pTP146.4 and pTP146.2, respectively.  The orientation of the 
inserts in the intermediate vector was checked by restriction digest with one of the introduced restriction sites and Not1 
in the MCS of pGEM-T.  For alignment of the HYGr with 3' X, pTP146.2 and pTP146.4 were restriction digested with 
XhoI and NotI, which linearised pTP146.2 and released the 3' X fragment.  Insertion of 3' X into pTP146.2 gave 
pTP146.6.  pTP146.6 and pTP146 were then restriction digested with BamHI and NotI and the 2.2 kb BamHI/NotI 
HYGr + 3' X fragment was inserted into the corresponding restriction sites of pTP146 forming the ATG1M95A plasmid.  
c) Restriction digest with EcoRI released a 5.9 kb fragment which, following gel purification, was transformed into a 
strain of Guy11 expressing GFP:ATG8 to allow visualisation of autophagosomes. 
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Figure 6.7  Southern blot analysis of potential PP1 analogue-sensitive ATG1 transformants 
 
a) Schematic representations of the analysis of potential ATG1M95A transformants.  There is an NdeI site in Hygr and the 
starred AseI site was introduced on the plasmid.  b) Putative ATG1M95A transformants were initially screened by PCR 
using primers Pb.F50.1 and Pb.R30.1.  c) Results were confirmed by Southern blot analysis.  Genomic DNA from 
hygromycin resistant transformants was restriction digested with AseI and NdeI,  fractionated by gel electrophoresis and 
transferred to Hybond-N.  The Southern blot was subsequently probed with a 600 bp genomic fragment spanning the 
insertion site for the selectable marker introduced on the plasmid.  The probe hybridised to a 10.5 kb fragment 
representing the endogenous gene and to two fragments, of 1 kb and 4 kb, following a correctly targeted replacement of 
the native allele with ATG1M95A . 
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Figure 6.8  Investigating the effect of chemical inhibition of ATG1 on vegetative growth 
 
A plug of mycelium from Guy11 and two ATG1M95A mutants (B13 and B24) was inoculated onto 
CM medium containing either 1NA-PP1 (15 µM) or 1NM-PP1 (15 µM).  The cultures were 
incubated at 24 ºC.  After 12 days the colony diameter was recorded and a significant reduction in 
colony size was observed for both ATG1M95A mutants compared to the wild type (Student's t test 
p<0.005).   
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Figure 6.9  Chemical genetic analysis of ATG1 
 
To investigate the susceptibility of the ATG1M95A mutant to PP1 inhibition, conidia from two 
mutants were resuspended in water and exposed to 1NA-PP1 (7.5 µM) or 1NM-PP1 (7.5 µM) and 
inoculated onto coverslips.  Following incubation at 24 ºC for 1-2 h, the number of GFP:ATG8-
labelled autophagosomes was examined by epifluorescence microscopy.  Conidia from Guy11 
expressing the GFP:ATG8 gene fusion and from the Δatg1 mutant were used in a control 
experiment. 
 
Wt  GFP:ATG8 Δatg1:GFP:ATG8 
 
   
GFP:ATG8 ATG1M95AGFP:ATG8 
(B13) 
ATG1M95AGFP:ATG8 
(B24) 
Control 
1NM-PP1 
(7.5 µM) 
1NA-PP1 
(7.5 µM) 
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Figure 6.10  Selective inhibition of ATG1 with a chemically modified derivative of PP1  
 
To investigate the susceptibility of the ATG1M95A mutant to PP1 inhibition, conidia from two 
mutants were resuspended in water and exposed to 1NA-PP1 (7.5 µM) or 1NM-PP1 (7.5 µM) and 
inoculated onto coverslips.  Following incubation at 24 ºC for 1-2 h, a significant reduction in the 
number of GFP:ATG8-labelled autophagosomes was observed in the ATG1M95A GFP:ATG8 mutant 
on exposure to 1NA-PP1 (7.5 µM). 
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6.3.4 Construction of the PKC1E937G-encoding gene plasmid 
As previously mentioned, glutamate-937 was identified as the most likely gate-keeper residue in the 
ATP-binding site of PKC1.  Replacement of this residue with glycine required a single base change, 
an A-G transversion at position 2972 (see Figure 6.11a), which was incorporated into primers Pkc-
PP1F50.1 and Pkc-PP1R30.1 used in the amplification of the PKC1 ORF.  Primer pairs, Pkc-
EcoRIF50.1 and Pkc-PP1R30.1 and Pkc-PP1F50.1 and Pkc-XbaIR30.1 (Table 6.7) were used to 
amplify the entire PKC1 coding region (together with the 3'-UTR) in two parts, which were 3 kb 
and 1.4 kb respectively.  These fragments were then used as the template in a second round of PCR 
with primers Pkc-EcoRIF50.1 and Pkc-XbaIR30.1.  Fusion of the complementary sequences 
resulted in a 4.4 kb fragment which was subsequently ligated into the intermediate vector pGEM-T 
(Promega) to give plasmid pTP141.  DNA sequence analysis confirmed the presence of the 
mutation.  To facilitate the selection of putative transformants, the hygromycin resistance gene 
cassette was amplified from pCB1004 using primers Hyg-XbaIF50.2 and Hyg-XmaIR30.2.  To 
enable insertion of the selectable marker by homologous recombination, a 1 kb fragment 
downstream of PKC1 was also amplified, using primers Pkc-UTRF50.1 and Pkc-UTRR30.1.  This 
fragment and the 1.4 kb fragment for the selectable marker were independently ligated into p-GEM-
T (Promega) generating plasmids pTP141.4 and pTP141.2, respectively. 
 
The primers used for the amplification of the ORF, the hygromycin resistance gene cassette and the 
1 kb fragment downstream of PKC1, were all modified with restriction sites to enable alignment in 
the correct orientation in the final construct as shown in Figure 6.11a.  Restriction digests targeting 
one of the introduced restriction sites together with the NotI site in the MCS of pGEM-T (Promega) 
were used to check the orientation of the inserts in the intermediate vector as shown in Figure 
6.11b.  For alignment of the hygromycin-resistant gene and the 1 kb fragment downstream of 
PKC1, plasmids pTP141.2 and pTP141.4 were digested with XmaI and NotI, thereby excising the 1 
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kb fragment from pTP141.4 and linearising pTP141.2 to allow insertion of the fragment, to generate 
plasmid pTP141.6.  The final alignment was generated by digestion of pTP141.6 and pTP141 with 
XbaI and NotI, thereby releasing the hygromycin-resistant gene together with the 1 kb extension 
and linearising pTP141 to allow insertion of the 2.4 kb fragment.  The PKC1E937G- encoding gene 
plasmid was then digested with EcoRI to give a 6.8 kb fragment (see Figure 6.11c) which, 
following gel purification, was transformed into the wild type Guy11 strain of M. oryzae. 
 
Table 6.7  Oligonucleotides used in the construction and analysis of the PKC1E937G-encoding 
gene plasmid 
 
Primer name Sequence (5' – 3') Restriction site added 
Pkc-EcoRIF50.1 TAGAATTCATGGATGACAGGATACAAGACA EcoRI 
Pkc-XbaIR30.1 GCTCTAGAATGGATACTCTCCAGCTCAAAC XbaI 
Pkc-PP1F50.1 ATACTTCGTGGGAGAATACATTAG  
Pkc-PP1R30.1 CTAATGTATTCTCCCACGAAGTAT  
Hyg-XbaIF50.2 GCTCTAGAGGAGGTCAACACATCAATG XbaI 
Hyg-XmaIR30.2 TACCCGGGCTCTATTCCTTTGCCCTCG XmaI 
Pkc-UTRF50.1 TACCCGGGCATCCAGACGTGATTACATTG XmaI 
Pkc-UTRR30.1 TAGAATTCACGACCTGACGGGCTACT EcoRI 
PP1-Pb.F50.1 GCGTCTACGGGTTGACTGAG  
PP1-Pb.R30.1 GAACTGACCCTGAGCCTACG  
Added restriction sites are shown underlined 
 
6.3.4.1 Analysis of putative PKC1E937G transformants 
Putative transformants were selected based on resistance to hygromycin B (200 µg ml-1).  DNA was 
extracted as described in Section 2.3.1 and an initial screen was performed by PCR using primers 
PP1-Pb.F50.1 and PP1-Pb.R30.1, located upstream and downstream of the hygromycin resistance 
cassette, respectively (Figure 6.12a).  A representative sample of the results is shown in Figure 
6.12b.  The results were confirmed by Southern blot analysis, for which DNA was digested with 
SacI, fractionated by gel electrophoresis and probed with a 530 bp genomic fragment spanning the 
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insertion site for the selectable marker introduced on the plasmid.  The probe hybridised to a 3.7 kb 
genomic fragment in the presence of the endogenous gene and to a 5.2 kb genomic fragment 
following insertion of the hygromycin-resistance cassette (Figure 6.12c).  In excess of 250 putative 
transformants were screened but although Southern blot analysis indicated that an integration event 
had occurred resulting in the targeted insertion of the hygromycin-resistance cassette, subsequent 
DNA sequence analysis revealed that none of the transformants carried the predicted mutation at 
residue 937. 
 
6.3.5 Construction of the PKC1E937A-encoding gene plasmid 
 
In the original studies carried out with v-Src, mutation of isoleucine-338 to either a glycine or 
alanine residue facilitated the binding of a PP1 analogue.  So the decision was taken to construct an 
alternative allele, replacing glutamate-937 with an alanine residue.  Once again a single base change 
was required, an A-C transversion at position 2972.  The mutation was incorporated into primers 
PKC1-E937A-F50.1 and PKC1-E937A-R30.1 used in the amplification of the PKC1 ORF, see 
Table 6.8.  The primers were designed to include two additional silent point mutations (replacing a 
codon with one encoding the same amino acid) to introduce a unique restriction site so facilitating 
analysis of putative transformants as shown in Figure 6.13a.  The PKC1E937A ORF was ligated into 
the independent vector pGEM-T (Promega) to give pTP142.  The final construct was generated by 
digesting pTP142 and pTP141.6 (Section 6.3.4) with XbaI and NotI, so releasing the hygromycin-
resistant allele together with the 1 kb extension and linearising pTP142 to allow insertion of the 2.4 
kb fragment (Figure 6.13b).  The PKC1E937A- encoding gene plasmid was then digested with EcoRI 
to give a 6.8 kb fragment (Figure 6.13c) which, following gel purification, was transformed into the 
wild type, Guy11 strain.   
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Table 6.8  Oligonucleotides used in the construction of the PKC1E937A-encoding gene plasmid 
 
Primer name Sequence (5' – 3')  
PKC1-E937A-F50.1 GAGACCCGGGTATACTTCGTGGCAGAATACATT  
PKC1-E937A-R30.1 AATGTATTCTGCCACGAAGTATACCCGGGTCTC  
 
6.3.5.1 Analysis of putative PKC1E937A transformants 
Putative PKC1E937A transformants were screened by PCR using primers PP1-Pb.F50.1 and PP1-
Pb.R30.1, located upstream and downstream of the hygromycin resistance cassette, respectively 
(Figure 6.14a).  No positive results were obtained with as shown in Figure 6.14b. 
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pTP141.6 
(5.4 kb) 
Not I 
  
   
  
 
 
A TAC  TTC GTG GGA GAA TAC ATT AG 
          Y       F      V       G       E      Y        I               
    T ATG AAG CAC CCT  CTT  ATG TAA TC 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.11  Schematic representation of the construction of the PKC1E937G plasmid 
 
a) The primers used in the amplification of the PKC1 ORF were designed to facilitate the replacement of Glu-937 with 
Gly; the relevant base change is indicated in red.  Primer pairs Pkc-EcoRIF50.1/Pkc-PP1_R30 and Pkc-PP1_F50/Pkc-
XbaIR30.1 were used to amplify the ORF in two parts 3 kb and 1.4 kb, respectively which were then fused together in a 
second round of PCR (4.4 kb) and ligated into pGEM-T (pTP141).  b) A 1 kb fragment downstream of the PKC1 ORF 
(3' X) and the hygromycin cassette (HYGr), were also amplified with primers designed to include restriction sites to 
allow targeted insertion and independently cloned into pGEM-T to give pTP141.4 and pTP141.2, respectively.  The 
orientation of the inserts in the intermediate vector was checked by restriction digest with one of the introduced 
restriction sites and Not1 in the MCS of pGEM-T.  For alignment of the HYGr with 3' X, pTP141.2 and pTP141.4 were 
restriction digested with XmaI and NotI, which linearised pTP141.2 and released the 3' X fragment.  Insertion of 3' X 
into pTP141.2 gave pTP141.6.  pTP141.6 and pTP141 were then restriction digested with XbaI and NotI and the 2.4 kb 
XbaI/NotI HYGr + 3' X fragment was inserted into the corresponding restriction sites of pTP141 forming the PKC1E937G 
plasmid.  c) Construction of the PKC1E937G plasmid was confirmed by diagnostic restriction digest. 
Lane Restriction Enzymes Size of fragments 
1 EcoRI  3 kb, 6.8 kb 
2 EcoRI + XbaI 2.4 kb, 3 kb, 4.4 kb 
3 XbaI + XmaI 1.4 kb, 8.4 kb 
4 XmaI + EcoRI 1 kb, 3 kb, 5.8 kb 
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Figure 6.12  Southern blot analysis of potential PKC1E937G transformants 
 
a) Schematic for analysis of potential PKC1E937G transformants.  b) Putative PKC1E937G 
transformants were initially screened by PCR using primers PP1_Pb.F50.1 and PP1_Pb.R30.1.  c)  
Results were confirmed by Southern blot analysis.  Genomic DNA from hygromycin resistant 
transformants was restriction digested with SacI,  fractionated by gel electrophoresis and transferred 
to Hybond-N.  The Southern blot was subsequently probed with a 530 bp genomic fragment 
spanning the insertion site for the selectable marker introduced on the plasmid.  The probe 
hybridised to a 3.7 kb fragment representing the endogenous gene and a 5.2 kb fragment with the 
insertion of the hygromycin resistance cassette. 
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GAG ACC CGG GTA TAC TTC GTG GCA GAA TAC ATT 
       E      T        R      V      Y       F      V       A      E       Y       I 
    CTC TGG GCC CAT ATG AAG CAC CGT CTT  ATG TAA 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Lane Restriction Enzymes Size of fragments 
1 EcoRI 3 kb, 6.8 kb 
2 XbaI 9.8 kb 
3 XmaI 2.8 kb, 7 kb,  
* XmaI site was introduced during amplification of the ORF  
 
 
Figure 6.13  Schematic representation of the construction of the PKC1E937A plasmid 
 
a) The primers used in the amplification of the PKC1 ORF were designed to introduce a unique 
restriction site and to facilitate the replacement of Glu-937 with Ala; the relevant base changes are 
indicated in blue and red, respectively.  Primer pairs Pkc-EcoRIF50.1/ Pkc-XbaIR30.1 and PKC1-
E937A-F50/ PKC1-E937A-R30 were used to amplify the ORF in two parts 3 kb and 1.4 kb, 
respectively which were then fused together in a second round of PCR (4.4 kb) and ligated into 
pGEM-T (pTP142).  b) The orientation of the insert in the intermediate vector was checked by 
restriction digest with one of the introduced restriction sites together with NotI in the MCS of 
pGEM-T.  pTP141.6 (see Section 6.3.4) and pTP142 were then restriction digested with XbaI and 
NotI and the 2.4 kb XbaI/NotI HYGr + 3' X fragment was inserted into the corresponding restriction 
sites of pTP142, forming the PKC1E937A plasmid.  c) Construction of the PKC1E937A plasmid was 
confirmed by restriction digest.  The 6.8 kb EcoRI fragment was gel purified and transformed into 
the Guy11 strain of M. oryzae.  
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Figure 6.14  PCR analysis of potential PKC1E937A transformants 
 
a) Schematic representation of analysis of potential PKC1E937A transformants.  b) A sample of 
putative PKC1E937A transformants screened by PCR using primers PP1-Pb.F50.1 and PP1-Pb.R0.1.  
The primers amplified a 530 bp fragment for the endogenous gene and 1.9 kb with the insertion of 
the hygromycin resistance cassette.  All of the transformants screened carried ectopic insertions of 
PKC1E937A. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
PP1-Pb.F50.1 PP1-Pb.R0.1 
PKC1E937A + 3'-UTR HYGr 3' flank 
ATG 
1.9 kb 
a) 
b) 
 
530 bp 
1.9 kb 
Chapter 6 
________________________________________________________________________________ 
219 
6.4 Discussion 
 
Preliminary results to selectively inhibit the ATG1 protein kinase, suggest that the chemical genetics 
strategy is possible in M. oryzae.  The ATG1 PP1 analogue sensitive (as) allele was transformed 
into a GFP:ATG8-expressing strain of M. oryzae to allow direct comparison with an 
Δatg1:GFP:ATG8 mutant.  Examination by epifluorescence microscopy revealed that in the 
absence of the inhibitor the mutant exhibited the wild-type phenotype but differences in 
autophagosome formation were perceptible with exposure of the atg1as mutant to PP1.  Exposure to 
either of the PP1-analogues had no discernible effect on the wild-type GFP-ATG8–expressing 
strain.  Whilst PP1-inhibition resulted in fewer puncta in the atg1as mutant compared to the wild-
type the differences were not as defined as for the Δatg1 null mutant.  Other studies have also 
reported slight phenotypic variations from chemical inhibition compared to targeted gene deletion 
and it was concluded that these results were due either to low levels of residual kinase activity in 
the presence of the inhibitor or to the existence of kinase-independent functions of the gene 
(Sreenivasan et al., 2003, Abeliovich et al., 2003). 
 
Early reports suggested that the chemical genetics approach could lead to increased sensitivity to 
the inhibitor from micromolar to nanomolar concentrations (Bishop et al., 2000) but whilst this 
might be achieved in in vitro assays, these concentrations proved ineffective in vivo in M.oryzae.  
This was not unexpected as PP1 is an ATP-competitive inhibitor and levels of ATP are naturally 
higher in vivo.  For analysis of the atg1as mutant, a concentration of 15 µM of the inhibitor was 
employed, which represented a compromise between efficacy and solubility.  The inhibitors are 
bulky aromatic compounds and as such are not readily soluble.  Stocks were made in DMSO but 
when the inhibitors were diluted in water prior to use some precipitation of the inhibitor was 
apparent at higher concentrations.   
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The failure to generate a PKC1 analogue-sensitive allele may be related to the observation that a 
number of other kinases, 30% of those tested, also do not tolerate the necessary modification to the 
ATP-binding site (Zhang et al., 2005).  It should also be noted that while homology exists between 
ATP-binding sites, the gate-keeper residue in PKC1 in M.oryzae is not a hydrophobic residue, in 
contrast to the majority of kinases.  Zhang found that by introduction of a second-site suppressor 
mutation, it was possible to rescue the activity of intolerant kinases.  Unfortunately, we did not have 
time to pursue this strategy, which would first necessitate both structural and sequence analysis of 
the ATP-binding pocket of PKC1.  The second-site suppressor mutation would however need to be 
introduced as a precursor to replacement of the gate-keeper residue because replacement of that 
residue renders the fungus non-viable and no mutants were recovered. 
 
Our investigations were limited to two PP1-analogues but additional PP1 analogues have been 
reported and studied, such as 23-dMB-PP1, 3-MB-PP1 and 3-BrB-PP1, which have 
dimethylbenzyl, methylbenzyl and bromobenzyl substituents in the C3 position, respectively 
(Sliedrecht et al., Lourido et al., 2010) and a diversity of structural modifications is attainable.  The 
literature reveals varying sensitivity of genes to individual analogues, for example the tomato Pto 
kinase is more sensitive to 1NM-PP1 than 1NA-PP1 (Salomon et al., 2009) whereas for spleen 
tyrosine kinase (Syk) 1NA-PP1 was more potent (Miller et al., 2009).  Ideally a systematic study 
could be carried out with a synthetic library of structural analogues of PP1.  It would also be 
interesting to investigate the possibility of increasing the solubility of the inhibitor and to determine 
whether there is the potential for developing ammonium salts with enhanced water solubility. 
 
The combination of chemical and classical genetics does, however, provide a powerful new tool for 
elucidation of gene function for which conventional functional analysis is precluded by the 
limitations of conventional genetic approaches.  Apart from allowing the study of genes for which 
functional characterisation is compromised by lethality, the construction of a functional PP1 
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analogue-sensitive allele also offers a more controlled approach to functional characterisation than 
RNAi-mediated gene silencing, with which there is a possible delay between loss of gene 
expression and degradation of the protein.  This might prove particularly advantageous if, as the 
evidence suggests, PKC1 has a multifunctional character.  The inhibitor could be added at any stage 
of development allowing detailed and temporally controlled investigations of PKC1 function in M. 
oryzae. 
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7 General discussion 
 
This study aimed to provide fundamental new information regarding the biological function of 
protein kinase C in the rice blast fungus Magnaporthe oryzae.  The objectives were to carry out the 
first functional characterisation of a protein kinase C-encoding gene in the fungus, determine its 
importance to growth, development and pathogenicity of M. oryzae and use this insight to 
investigate the signalling pathways to which it contributed.  The study has led to three major 
conclusions.  First of all, PKC1 appears to be an essential gene, necessary for viability and this is 
supported by two lines of experimental evidence.  Conventionally, functional analysis of genes in 
filamentous fungi is conducted using a reverse genetics approach, whereby targeted deletion of a 
gene of interest is followed by analysis of the phenotypic effects of the mutation.  However, all 
attempts to generate a targeted gene deletion mutant of PKC1 proved unsuccessful.  RNAi-
mediated gene silencing was therefore employed as an alternative approach to the functional 
characterisation of PKC1.  A hairpin dsRNA-expressing construct was designed to target PKC1 and 
then introduced into M. oryzae under the control of an inducible promoter.  Induction of PKC1 gene 
silencing led to severe reduction in growth and conidial germination and the resulting mutants were 
essentially non-viable.  When combined with the knowledge that all previous attempts to generate 
PKC1 gene replacement mutants in filamentous fungi, such as the Southern corn leaf blight fungus, 
Cochliobolus heterostrophus (Oeser, 1998), Aspergillus nidulans (Herrmann et al., 2006) and 
Neurospora crassa (Franchi et al., 2005) were unsuccessful it seems most probable that PKC1 is an 
essential gene in M. oryzae. 
 
The second major conclusion of the study is that one of the functions of Pkc1 is to act upstream of 
the cell integrity MAP kinase pathway in M. oryzae.  A yeast-two hybrid screen revealed physical 
interactions between the MAPKKK, Bck1 and the MAPKK, Mkk1 and between Mkk1 and the 
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MAPK, Mps1, as expected, but there was also evidence for putative interactions between Pkc1 and 
the GTPase Rho1 and between Pkc1 and Mkk1.  Targeted gene deletion mutants were therefore 
generated for BCK1 and MKK1 to allow comparison of the resulting mutant phenotypes with those 
observed upon induction of PKC1 gene silencing.  Clear phenotypic similarities were observed, 
with all the strains resulting in flat colonies that showed a pigmentation defect and significant 
reduction in sporulation.  However, the PKC1-gene silenced strain displayed a much more severe 
hyphal growth defect.  Exposure to cell wall-disrupting agents and osmotic stress also provoked a 
similar response in all three mutant strains.  Furthermore, evidence was obtained for a genetic 
interaction between PKC1 and the cell integrity pathway.  A putative dominant active allele of the 
MAPKKK, BCK1 was generated to identify whether constitutive activation of BCK1 could restore 
cellular viability to the PKC1 silenced mutant.  We replaced the amino acid residue isoleucine-1129 
with a threonine residue; an equivalent substitution to one shown previously to result in extragenic 
suppression of PKC1 in the S. cerevisiae homologue (Lee & Levin, 1992).  This resulted in 
improved hyphal growth and a reduction in the pigmentation defect observed upon induction of 
PKC1 gene silencing although there was no restoration of sporulation.  These results led us to 
conclude that PKC1 is likely to be a regulator of the cell integrity pathway, but also has wider 
effects on additional signalling pathways necessary for cellular viability and sporulation.  
 
The third major conclusion is therefore that PKC1 must have additional distinct cellular targets and 
this is supported by two lines of experimental evidence.  Firstly, in contrast to the pkc1s mutant, 
Δbck1, Δmkk1 and Δmps1 mutants are all clearly viable, showing extensive hyphal development.  
The second line of evidence comes from the partial recovery of growth of the pkc1s mutant 
following the constitutive activation of the MAPKKK of the cell integrity pathway. 
 
Carrying out a comprehensive functional analysis of the biological role of Pkc in M. oryzae was 
restricted by a number of factors.  The lack of a diploid stage in M. oryzae makes the study of 
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essential genes in the fungus very difficult.  We did, however, successfully generate a hairpin 
dsRNA-expressing construct for RNAi-mediated gene silencing of PKC1 and demonstrated that this 
approach could be successfully applied to the study of genes in M. oryzae.  However, considerable 
variability was observed in the results obtained in gene silencing experiments and characterisation 
of the mutant phenotype was also compromised by the partial nature of silencing and by the 
nutritional regulation of the promoter that had to be used to induce PKC1 gene silencing.  Use of 
the ICL1 promoter meant that acetate-mediated induction was necessary to induce gene expression, 
but this treatment had an adverse effect on fungal growth and did not allow an effective study of the 
role of Pkc during plant infection, because of the inability to control gene expression accurately 
during the infection process.  Results presented in this thesis do suggest that selective inhibition of 
PKC1 by a chemical genetics approach may provide a promising alternative strategy for future 
work in this area (Bishop et al., 1998; 2000).  An in principle demonstration of the concept, in 
which we targeted a previously characterised, non-essential protein kinase, encoded by the ATG1 
gene (Liu et al., 2007b), suggested that this approach to selective kinase inhibition may be 
employed in M. oryzae.  We were able to show that selective inhibtion of ATG1 resulted in 
suppression of autophagy, which is known to have a significant role in plant infection in M. oryzae 
(Kershaw & Talbot, 2009).  Unfortunately, in contrast to the majority of kinases, PKC1 does not 
have a hydrophobic gatekeeper residue and this may be the reason why the kinase does not tolerate 
the necessary modification to the ATP-binding site.  It is possible, however, that a second-site 
suppressor mutation could be introduced to stabilise the kinase (Zhang et al., 2005).   
 
Further analysis to study the durability of gene silencing will be required in future and evidence of 
the presence of siRNAs as a consequence of expression of the dsRNA construct would be desirable.  
Several attempts to identify siRNAS were carried out, but did not yield reproducible results.  The 
generation of a PKC1 allele, immune to silencing through the introduction of silent mutations, 
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would be valuable to confirm whether the observed mutant phenotype is due to loss of function of 
PKC1.   
 
A biochemical approach could also be adopted to investigate the role of PKC1 in M. oryzae.  
Immunoprecipitation is a standard method for assessing protein-protein interactions and protein 
purified from appressoria from the M. oryzae strain expressing PKC1:sGFP (used in localisation 
studies) could be used for such an analysis.  Originally, purification of protein complexes relied on 
antibodies specific for a given protein.  The use of anti-GFP, a stabilised antibody preparation, 
avoids problems with antibody specificity caused by the presence of post-translational 
modifications or from alteration of antibody structure as a result of cross-linking on supporting 
beads.  Anti-GFP is added to the lysate from cells expressing the GFP fusion protein and the 
targeted protein is then captured onto the beads via the antibodies.  Unbound non-specific protein is 
then washed from the solid support and the precipitated protein may be eluted and analysed.  
Immunoprecipitation, combined with other analytical techniques such as mass spectrometry, would 
allow the identification of proteins interacting with PKC1.  There are a number of epitope tags 
available for protein studies including the haemagglutinin epitope YPYDVPDYA (HA tag) from 
the influenza virus A (Wilson et al., 1984) and the FLAG-tag (DYLDDDDL) (Hopp et al., 1988), a 
synthetic peptide sequence.  Tandem Affinity Purification (TAP) tagging is an alternative method to 
immunoprecipitation and combines two tags to give a higher level of purification than a one-step 
purification method (Rigaut et al., 1999).  The two tags consist of a calmodulin-binding peptide 
sequence, which is recognised and cleaved by tobacco etch virus (TEV) and immunoglobulin 
binding peptide (IgGBD).  The tagged-protein is passed through two affinity columns.  The first 
contains immunoglobulin beads which bind to the IgGBD.  IgGBD is subsequently cleaved from 
the rest of the protein by TEV protease activity and the protein is passed through a second column 
containing calmodulin beads.  The protein eluted from this column should be very pure although 
one disadvantage of this method is that transient interactions could be missed. 
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Gene expression analysis has been widely applied to gain understanding of the molecular 
mechanisms underlying host pathogen interactions.  Currently, experimental work is underway to 
establish a gene expression profile to determine which genes are up- or down-regulated following 
the induction of PKC1 gene silencing.  An improved method of the conventional serial analysis of 
gene expression (SAGE) procedure, known as SuperSAGE has previously been applied to the study 
of gene expression changes in M. oryzae (Matsumura et al., 2003).  As with the conventional SAGE 
procedure, specific tags are generated for each transcribed gene, the tags are then amplified and 
combined to form concatemers.  Each transcript is quantified by counting the number of tags.  
Next-generation DNA sequencing facilitates the simultaneous analysis of hundreds of thousands of 
tags.  SuperSAGE includes two essential modifications to the conventional technique (Matsumura 
et al., 2003).  The purification step of the linker-tag fragments has been improved by the addition of 
fluorescein isothiocyanate (FITC) to label the linker.  Crucially, SuperSAGE uses a type III-
endonuclease, EcoP15I which generates sequence tags of 26 bp compared to 13-15 bp generated by 
the conventional method.  This significantly increases the efficiency of tag assignment, to the extent 
that the pathogen and host can be analysed simultaneously.  By carrying out a global transcriptional 
profile analysis of the PKC1-silenced strain of M. oryzae in the presence and absence of acetate, it 
should be possible to define the major changes in gene expression that occur following gene 
silencing.  In this way, further clues could be obtained to identify the likely signalling pathways 
regulated by protein kinase C.  When coupled with biochemical analysis of Pkc signalling 
complexes and further extragenic suppressor studies, this would provide the most logical extension 
to this project and provide new information concerning the central role of this protein kinase to 
growth and development of the rice blast fungus. 
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